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With the increasing demand for the separation and purification of industrial 
commodities, the energy consumption for their production has increased at a fast pace. 
Previous studies on metal-organic materials, materials based upon coordination 
chemistry with organic ligands, have shown that their modularity makes them amenable 
to crystal engineering. Furthermore, rigid 3D coordination networks can store and 
separate gases/vapours. Switching materials, i.e. materials that can undergo a sudden 
stimulus driven structural transformation induced by adsorption, are less studied but can 
offer higher working capacities than rigid variants. This thesis explores zero-
dimensional metal-organic switching materials, Werner complexes, to investigate their 
potential as energy-efficient materials for (i) separation of aromatic C8 isomers and (ii) 
water harvesting. The molecular nature of Werner complexes allows them to reversibly 
switch between a densely packed ‘closed phase’ and a porous ‘open phase’ with little 
structural strain/degradation. We introduce the term Switching Adsorbent Molecular 
Material (SAMM) to describe a Werner complex which exhibits a switching isotherm. 
The sorption properties of the Werner complex Ni(NCS)2(4-phenylpyridine)4 (SAMM-
3-Ni-NCS), were studied, including the collection of isotherms for OX, MX, PX and 
EB and multiple sorption cycles to investigate its recyclability. New Werner complex 
variants were prepared by applying crystal engineering principles to modify (i) anionic 
axial ligands, (ii) neutral N-donor equatorial ligands including pyridines and imidazoles 
and (iii) divalent metal ions. The sorption properties of these SAMMs were investigated 
using Dynamic Vapour Sorption (DVS). The C8 selectivity values of SAMMs were 
found to outperform rigid C8 sorbents. The variants studied in relation to water 
harvesting exhibit switching isotherms for water vapour: the first report of such 
behaviour in a Werner complex. It was found that the choice of the anionic axial ligand 
may play a role in determining whether a complex will exhibit switching induced by 
water vapour. The work described herein demonstrates the application of molecular 
physisorbents in the separation of C8 aromatic hydrocarbons, as well as the previously 
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Chapter 1 – Introduction  
 
1.1 The challenge 
1.1.1   Separation and purification of C8 hydrocarbons 
Separation and purification of industrial commodities such as water, gases and fine 
chemicals currently represents ~15% of the global energy production, a value which is 
set to triple by 2050.[1] Overall, the chemical industry is worth $5.7 trillion and 7% of 
the global Gross Domestic Product (GDP).[2] Separation processes in the chemical 
industry are crucial to obtain pure forms of valuable chemicals and solvents for 
commercial or research purposes. The methods that are currently applied worldwide, 
such as cryogenic distillation and fractional crystallisation account for 40% of the 
chemical industry’s total energy expenditure.[3] One such energy-intensive process is 
the separation of C8 aromatic hydrocarbons, namely ortho-xylene (OX), meta-xylene 
(MX), para-xylene (PX) and ethylbenzene (EB) (Figure 1.1), which elute as a mixture 
from crude oil and must be further separated. The abovementioned aromatic compounds 
serve as precursors for a wide range of plastics, fibres, polymers, solvents and fuel 
additives. They are crucial chemical reagents in the chemical industry, especially in 
plastic production. OX can be oxidised to form phthalic anhydride, an important reagent 
in the synthesis of plasticisers, i.e. additives which can improve the flexibility and 
durability of plastics.[4] PX is a crucial precursor to polyethylene terephthalate (PET), 
the strong and lightweight plastic used to manufacture goods such as plastic bottles and 
polyester clothing.[5] MX also finds use in PET production, as it can be oxidised to 
isophthalic acid. Incorporation of phthalic acid as a monomer into PET results in the 
 
Figure 1.1: The four C8 aromatic hydrocarbons. From left to right: o-xylene (OX), m-xylene (MX), 
p-xylene (PX) and ethylbenzene (EB). 
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modification of the polymer’s properties. Dehydrogenation of EB forms styrene, which 
may then be converted to polystyrene and other valuable polymers. Due to the enormous 
energy footprint, which is currently employed into the separation of aromatic 
hydrocarbons and our dependence on them, the separation of xylenes and ethylbenzene 
has been referred to as one of the “seven chemical separations to change the world”. [6] 
The current method to separate the C8 hydrocarbon mixture, also known as C8 
alkylaromatics is accomplished by distillation. However, the isomers possess extremely 
similar boiling points (144 °C, 139 °C, 138 °C and 136 °C for OX, MX, PX and EB, 
respectively). This entails the need of many theoretical plates to be incorporated as part 
of the distillation column to produce xylene of commercial grade purity (150 theoretical 
plates are required to separate OX from a three-component xylene mixture, and as many 
as 360 theoretical plates to further separate MX from PX).[7] It has been reported that 
membrane-based separation would use 90% less energy vs. distillation.[3] However, the 
separation of C8 aromatic compounds is also encumbered by similar molecular sizes of 
the isomeric components; the kinetic diameters in ångströms (Å) of OX, MX, PX and 
EB are 6.8, 6.8, 5.8 and 5.8, respectively.[8]  
 
1.1.2   The water crisis 
Water is ubiquitous on Earth and particularly in the atmosphere. To be precise, 71% of 
Earth’s surface is covered in water and there are 1.3 × 1016 L of accessible atmospheric 
water vapour.[9] However, many communities across the globe are deprived of fresh 
 
Figure 1.2: Global frequency of water scarcity. “100%” refers to 1.0 WS (water scarcity, 
where WS is calculated as the ratio of water footprint to total water availability in an area).  
Reproduced from ref.: [11]. 
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water due to causes such as droughts, deforestation or inappropriate agriculture (Figure 
1.2). In fact, it is agriculture which accounts for 70% of fresh water used globally. [10] 
This results in 4 billion people who do not have access to clean water.[11] At the current 
consumption rate, as the population steeply rises, the amount of water used for industrial 
and agricultural purposes will increase drastically, resulting in even more water 
shortages. The United Nations (UN) predicts that approx. 2 out of 3 people worldwide 
will live in a country with a water crisis by 2025.[12] These statistics highlight the 
immediate need to focus upon scientific/technological solutions to target this problem.  
Several methods have been employed in the recent decades to provide alternative water 
supply sources for water-scarce areas. One of them is transportation of fresh water from 
water-rich areas. This method finds its drawbacks in the development of miles-long 
pipelines, which can burst, risking the loss of potentially large volumes of clean water.  
Another possible approach is desalination of seawater. This process, however, is energy-
intensive and requires additional steps to remove small particulates, bacteria and other 
fine contaminants. A method which has not yet been applied on a large scale is direct 
air capture (DAC). This process would utilise the enormous volume of water vapour 
present in our atmosphere and convert it into liquid water. The material required to carry 
out this task would need to possess certain properties, such as moderate to high water 
vapour uptake (working capacity) and should be able to capture water at a low relative 
humidity to function well in arid conditions.  
1.2 Physisorbents – The solution 
Physisorbents are adsorbent materials which function by the mechanism of physical 
adsorption, as opposed to chemical adsorption (chemisorption). The difference between 
the two adsorption mechanisms is based on the following: (i) physisorption involves 
Van der Waals forces which holds the adsorbate to the adsorbent, whereas 
chemisorption involves chemical bond driven strong forces; (ii) physisorption is 
reversible, whereas chemisorption is not; (iii) physisorbents can have a lesser affinity 
for the adsorbate than chemisorbents. In other words, physisorption provides a relatively 
weak relationship between the adsorbent and the absorbate, which makes the sorption 
cycle (adsorption and desorption) require little energy input. However, the primary 
drawback of weak intermolecular forces is the lower affinity towards guest molecules, 
when compared to strong covalent forces. This may result in lower selectivity among 
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physisorbents. The leading physisorbents are therefore a combination of the correct pore 
size and pore chemistry to promote selective adsorption of guest molecules. 
Physisorption is performed by exposing the adsorbent material to the adsorbate, while 
increasing the relative pressure (P/P0) of the latter in the range 0 ≤ (P/P0) ≤ 1 while 
maintaining a constant temperature. The volume of adsorbed fluid i.e. gas/vapour 
increases with increasing relative pressure and facilitates the formation of multilayers 
on the physisorbent surface, as explained by the Brunauer-Emmett-Teller (BET) 
theory.[13] The relationship between the amount of guest species adsorbed on the 
adsorbent surface and the relative pressure of adsorbate can be plotted on a Cartesian 
plane and the resulting graph is referred to as a sorption isotherm plot. 
Isotherms can be classified into five main types, as reported by the International Union 
of Pure and Applied Chemistry (IUPAC).[14] Type I sorption isotherms depict monolayer 
adsorption and can be explained by the Langmuir monolayer model; i.e. the predecessor 
of the multilayer BET model. As seen in Figure 1.3, type-I isotherms are distinguishable 
by being concave to the relative pressure axis and reaching a plateau as (P/P0) 
approaches 1. This adsorption pattern is typical for microporous adsorbents; uptake is 
limited by the accessible micropore volume, rather than by the internal surface area. 
Type-II isotherms indicate macroporous or non-porous materials. They comprise a 
concave portion at low relative pressure which represents monolayer filling, followed 
by a steep convex curve, which represents unrestricted multilayer formation. Type-III 
isotherms are convex to the relative pressure axis over its entire range. This also 
represents unrestricted multilayer formation, thanks to strong guest-guest interactions 
which dominate over host-guest interactions. Isotherm types IV and V feature capillary 
 
Figure 1.3: Five categories of sorption isotherms, as classified by IUPAC.[14] 
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condensation at high relative pressure. The difference between the two is analogous to 
that among the isotherm types II and III: Whereas a type-IV isotherm starts off by 
monolayer filling, a type-V isotherm begins with unrestricted multilayer formation due 
to strong guest-guest interactions.[15] The working capacity of an adsorbent is a practical 
term often used in sorption studies and it is defined as the amount of gas/vapour 
adsorbed in a given pressure range. This value can be calculated from the isotherm and 
is used to compare adsorbents and express how much gas/vapour they are capable of 
adsorbing in the desired pressure range. 
 
1.2.1 Metal-Organic Materials 
The isotherm types described above are used to study physisorbent materials and their 
interaction with adsorbates. The class of physisorbents which will be the focus of this 
work are metal-organic materials (MOMs). MOMs are composed of metal ions/clusters 
and organic linker ligands referred to as molecular building units (MBUs). Their 
composition can be systematically varied de novo by conforming to crystal engineering 
principles.[16] This aspect makes MOMs highly modular, which could enable them to 
outperform traditional and industrially employed porous sorbents such as zeolites, 
activated carbon and silica. This may be credited to the amenability of MOMs to the 
first principles of crystal engineering, as structure-property relationships can be 
established and utilised to design task-specific materials of choice. The most widely 
studied MOMs, i.e. the three-dimensional metal-organic frameworks (MOFs) can be 
traced to the late 1990s.[17, 18] Following the 2013 IUPAC recommendations, MOFs are 
composed of only organic linker ligand and metal based node(s) to afford potential 
porosity. During their early discovery, MOFs exhibited unprecedented properties such 
as extremely high surface areas (Langmuir surface area of 2900 m2 g-1 for MOF-5). 
Designed properties of MOFs, also known as porous coordination polymers (PCPs) 
spurred a lot of research interest among chemists in general, leading to extensive MOF 
research over the last two decades. They are established to exhibit a wide range of 
properties, including catalysis,[19] gas separation and storage,[20, 21] drug delivery[22] and 
sensors.[23] Among niche applications of MOFs, vapour separation is one of the major 
frontiers, exemplified by the selective adsorption of C8 aromatic hydrocarbons.[24-29] 
However, MOFs suitable for selective xylene sorption are often composed of expensive 
Chapter 1                                                                                               Introduction 
6 
 
organic linker ligands, are non-recyclable and do not feature the required combination 
of high selectivity and uptake. 
A lesser studied family of metal-organic physisorbents is a class of molecular, i.e. zero-
dimensional complexes known as Werner complexes, which will be the focus of this 
work. They were first synthesised and reported in 1957 in a publication which described 
the “separation of xylenes, cymenes, methylnaphthalenes and other isomers by 
clathration with inorganic complexes”.[30] Whereas their aromatic hydrocarbon 
separating properties were documented as early as 1957, their xylene selectivity and 
sorption properties remain understudied. Above all, Werner complexes possess a feature 
which separates them from traditional rigid physisorbents like MOFs: they can undergo 
a sudden stimulus driven structural transformation induced by adsorption, also referred 
to as “switching”.[31]  
1.3    Switching materials 
Switching materials, as defined in this work, are physisorbents that exhibit a sudden 
stimulus-prompted structural change from non-porous to porous, or from unloaded to 
fully loaded. They represent an evolving class of adsorbents and understanding of their 
sorption mechanisms is an underexplored niche. The isotherms exhibited by switching 
materials do not follow the traditional isotherm profiles encountered in rigid materials 
(Figure 1.3). A paper published in 2018 outlined the different isotherm types of 
switching materials, referring to these new-age sorbents as “flexible”.[32] However, it is 
important to remember that not all switching materials undergo switching as an outcome 
of flexibility. In the case of non-porous zero-dimensional Werner complexes, switching 
occurs as a result of structural phase change: from the non-porous −phase (closed) to 
a porous phase (open). On the other hand, flexibility refers to the ability of a network to 
expand due to the incorporation of “bendable” or “stretchable” organic linker ligands, 
such as 4-(4-pyridyl)-biphenyl-4-carboxylate.[32] 
Figure 1.4(a) exhibits a type I isotherm, feature of a prototypal rigid physisorbent. 
However, its flexible analogue, type F-I isotherm (scheme (b)) features a gradual 
opening of the pores, whereby the material switches from open to more open. This 
behaviour is also referred to as “breathing”[33] or “swelling”.[34] Type F-II isotherms 
represent a similar behaviour, the difference being that the “open to more open” 
structural change is sudden (scheme (c)). Type F-III, as featured in scheme (d), 
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represents a gradual structural change from non-porous to porous phase. An equivalent 
sudden transformation occurs for the Type F-IV isotherm (scheme (e)). This isotherm 
is particularly interesting as it suits best for gas/vapour storage, thanks to the maximised 
working capacity, also known as usable capacity. Due to the sudden switching nature 
and immediate pore filling, type F-IV materials display high working capacities over a 
small pressure range. Further, this would result in a lower energy footprint if the material 
were to be utilised industrially. Type F-V isotherm profile, as seen in scheme (f), is 
indicative of a shape-memory effect. This effect can be distinguished by a phase change 
which occurs after the 1st sorption cycle and the second (or any of the consequent 
adsorption branches) does not follow the 1st cycle thereafter.[35, 36] 
The following sections will describe prototypal switching materials within their 
respective dimension classes, starting with the three-dimensional, flexible MOMs 
 
Figure 1.4: Classification of isotherm profiles of switching / flexible microporous materials. 
Reproduced from ref.: [32]. 
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(FMOMs). It is important to note that most FMOMs experience an ‘open to more open’ 
transformation due to an expansion of the network. On the other hand, the other classes 
of switching materials comprise switching adsorbent layered materials (abbreviated as 
SALMAs) and switching adsorbent molecular materials (abbreviation: SAMMs). 
SALMAs include two-dimensional (2D) layered networks and one-dimensional (1D) 
metal-organic chains whereas SAMMs are zero-dimensional molecular entities.  Both 
are initially non-porous and exhibit a ‘closed to open’ type structural transition, subject 
to conforming to one of the flexible type isotherms as described above.  
1.3.1   FMOMs 
The most commonly studied ‘breathing’ materials are the three-dimensional FMOMs. 
The prototypal modular platform for FMOMs is the MIL (named after Materiaux 
Institute Lavoisier) family, specifically the MIL-53 class of compounds. MIL-53 
materials are built from chains of MO4(OH)2 octahedra, linked by terephthalate or 1,4-
benzenedicarboxylate dianions. The seminal report on MIL-53 was about the discovery 
of MIL-53(Cr), the Cr(III) analogue.[33] Interestingly, it was the first microporous solid 
to solely contain Cr, despite the metal centre’s inertness. The terephthalate linker ligand 
is one of the simplest and cheapest organic ligands available, making the MOF synthesis 
vis-à-vis bulk-scale manufacture economical. It was found that the network exists in 
both hydrated and anhydrous phases and that the transition between these phases is fully 
reversible. Furthermore, the phase change was identified to be accompanied by a 
breathing effect of ca. 5 Å. The Vanadium (V) analogue, MIL-47(V), which features a 
similar breathing behaviour was reported earlier that year by the same group.[37] MIL-
53 materials are characterised by their high thermal and hydrolytic stability compared 
to other switching/breathing MOFs. MIL-53(Al), reported two years later exhibited an 
even higher thermal stability (ca. 500 °C) compared to the V and Cr analogues, both of 
which are stable up to 350 °C. [38]  
Both the Cr and Al analogues of MIL-53 (hereafter referred to as MIL-53) have shown 
potential in the selective adsorption and separation of carbon dioxide (CO2) from 
methane (CH4).
[39] MIL-53 shows a type-I CH4 adsorption isotherm and a type F-II CO2 
adsorption isotherm, the latter being indicative of “open to more open” or breathing 
transition. At lower pressure, the uptakes noted for both these gases are similar (ca. 3 
mmol g-1). However, at higher pressure, after the CO2 induced breathing effect, its 
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uptakes increase substantially (10 mmol g-1 and 6 mmol g-1 for CO2 and CH4, 
respectively). Related to this, Fuchs et al. proposed an explanation which states that 
breathing transitions in MIL-53 occur as a result of adsorbed guest-induced stress inside 
its pores.[40] Following this mechanism, the stress exerted on the elastic framework, 
which may assume orders of MPa, can be either positive or negative, resulting in the 
subsequent expansion or contraction of the framework. The original study accredited 
the CO2-induced breathing to the quadrupole moment of CO2. The stepped isotherm, 
they concluded, was a result of the strong initial interactions between CO2 and the 
hydroxyl groups of the framework, which shrinks the pores at low pressure. However, 
with increasing CO2 pressure, the amount of adsorbed CO2 in the pores increases to 
cause a re-opening of the framework. Additional studies showed that the co-adsorption 
of CO2 and CH4 caused a breathing effect in MIL-53(Cr) similar to that achieved with 
pure CO2.
[41]  
The separation of C8 aromatic hydrocarbons by selective adsorption on a MOF was first 
attempted with MIL-47(V), commonly denoted as MIL-47.[42] MIL-47 is PX-selective: 
selectivity values for PX/EB and PX/MX are 1.83 and 2.07, respectively. The selectivity 
value for PX/OX could not be obtained. A follow-up study measured the adsorption of 
C8 aromatic hydrocarbons on the well-studied flexible material, MIL-53(Al).[43] The 
adsorption of xylenes on the Al analogue follows the same isotherm pattern as that of 
CO2. The two-step, type F-II adsorption isotherm is once again rationalised by an initial 
contraction of the framework at low pressure, which only allows partial pore filling, one 
guest molecule each in the individual pores. With increasing pressure, as the framework 
re-opens, the pore size is sufficiently large for guest molecules to pack along the channel 
in pairs, doubling the amount adsorbed. The highest selectivity value was for OX/EB, 
which was found to be 6.4 under high pressure. This finding suggested that a more 
pronounced breathing effect (as observed in MIL-53 in comparison to MIL-47) may 
influence the sorbent’s selectivity towards particular sorbates.  
Several MOFs have demonstrated promising properties for water vapour capture. The 
criteria for an efficient water vapour adsorbent, also simplified as water sorbent includes 
(i) steep uptake at a specific relative humidity, preferably under low relative humidity 
for direct air capture (DAC) of water, (ii) high water uptake capacity for energy-efficient 
water capture and (iii) excellent hydrolytic stability and retention of performance over 
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multiple sorption cycles, i.e. recyclability.[44] These criteria point to a switching material, 
due to the steep nature and high working capacity of switching isotherms (Figure 1.5). 
One example of a switching MOF, which shows promise for water sorption is CAU-10-
H.[45] Structurally similar to the MIL-53 family, CAU-10-H is composed of trans-
connected Al(III)O6 octahedra connected by 1,3-benzenedicarboxylate linker ligands. 
When exposed to water vapour, CAU-10-H produced a type F-IV switching isotherm, 
where the switching occurs at ca. 0.15 P/P0 (gate-opening pressure). The total uptake is 
ca. 450 cm3/g. Recyclability studies have shown that the MOF is stable over 10,000 
water sorption cycles with no degradation in adsorption capacity. [46] These properties 
would make a material like CAU-10-H very promising for a DAC application.  
Recently, a water harvesting technology was reported which utilises a switching MOF, 
namely MOF-303 to capture water vapour from air and for its conversion to potable 
water.[47] This technology is enabled by the use of a microwave-sized water harvester, 
which contains cartilages lined with MOF-303 and wrapped with heating strips. Under 
arid conditions, the water harvester is capable of collecting 1.3 L per kg of MOF every 
day. This new technology highlights that one of the most important properties of water 
harvesting sorbents is its adsorption-desorption kinetics for water. Indeed, fast kinetics 
is a key performance indicator in delivering a high turnover of liquid water, with the 
ability to perform multiple cycles a day. 
 
Figure 1.5: Comparison of working capacity from the typical isotherms of two types of 
porous physisorbents. On the left, a type I, rigid material. On the right, a type F-IV material, 
which undergoes a “closed to open” switching transition.  
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1.3.2   SALMAs 
Another family of switching materials is the two-dimensional class of laminated or 
layered coordination networks, referred to as SALMAs. Simply put, ELM-11 is the 
prototypal SALMA:[48] a two-dimensional layered coordination network composed of 
octahedral Cu(II) clusters, coordinated to two terminal BF4 ligands and four 4,4'-
bipyridine (bipy) linker ligands. The 2D network exhibits a square lattice (sql) topology. 
ELM-11 affords a switching, type F-IV isotherm upon sorption of CO2 as shown in 
Figure 1.6. The authors attribute the switching property of ELM-11 to the tight packing 
of the two-dimensional sheets, which restricts the entry of guest CO2 molecules. As the 
inter-layer distance increases from 0.46 nm to 0.68 nm with increasing relative pressure 
of CO2, pore size enhancement creates a sufficiently large pore to allow CO2 molecules 
to be accommodated in the interlayer spaces.  
One of the benchmark OX selective adsorbent materials is a SALMA, namely sql-1-
Co-NCS.[49] Structurally similar to ELM-11, it features stacked sql nets composed of 
octahedral Co(II) clusters coordinated to two terminal thiocyanate ligands in the axial, 
trans positions and four bipy linker ligands in the equatorial positions. This layered 
material affords switching isotherms for the C8 aromatics, with a sudden closed-to-open 
transition encountered upon reaching a threshold partial pressure during the sorption of 
OX. However, the isotherms feature a high level of hysteresis, which impedes the 
sorbent’s working capacity. 
sql-1-Co-NCS features a record-setting uptake of C8 aromatics with the saturation 
capacity of OX at >80 wt% and exceptionally high OX selectivity over other isomers. 
Indeed, the OX uptake capacity outperforms all other MOMs reported in literature. In 
terms of OX/MX and OX/PX selectivities, sql-1-Co-NCS is only outperformed by one 
 
Figure 1.6: Sorption isotherm of CO2 at 273K on ELM-11. Isotherm reproduced from ref.: 
[48]. 
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sorbent: [Ni(NCS)2(ppp)4] (ppp = para-phenylpyridine i.e. 4-phenylpyridine). However 
the OX/EB selectivity value for [Ni(NCS)2(ppp)4] was not reported, hence this 
selectivity record is currently held by sql-1-Co-NCS with a value of 60. Interestingly, 
the molecular building units which comprise the crystal structures of sql-1-Co-NCS and 
[Ni(NCS)2(ppp)4] are analogous. Both structures contain 3d transition metal centres 
coordinated to two terminal thiocyanate ligands in the axial (trans) positions and contain 
structurally alike equatorial ligands. However, in the case of [Ni(NCS)2(ppp)4], the 
equatorial 4-phenylpyridine ligands are terminal.  
1.3.3   1D switching materials 
1D MOMs consist of coordination polymers which propagate in one direction, to afford 
a metal-organic chain. These structures can also exhibit switching, induced by one or 
more (including, a combination thereof) stimuli. Such flexible one-dimensional 
coordination polymer is exemplified by [Cu(bpp)2(BF4)2] (bpp = 1,3-bis(4-
pyridyl)propane).[50] Although this MOM exhibits negligible uptake of N2 at 77K, it 
exhibits a switching isotherm for CO2 at 273K with a CO2 induced gate opening at P/P0 
= 0.012. The switching feature can be largely attributed to the linker ligand’s flexibility, 
which assumes a V-shape when coordinated to the Cu(II) clusters. This results in the 
formation of diamond-shaped zigzag rings along the 1D metal-organic chain (Figure 
1.7). The authors detailed that the ring size is too small to accommodate CO2 molecules 
under low relative pressures. However, with increasing pressure, the angle subtended 
between two adjacent pyridyl rings on the linker ligand becomes larger, resulting in 
 
Figure 1.7: Crystal packing of [Cu(bpp)2(BF4)2]. The organic linker ligand 1,3-bis(4-
pyridyl)propane is flexible and bends into a V-shape, resulting in the formation of diamond-
shaped zigzag pores. The chains are stacked by C-H⋯F hydrogen bonding interactions 
between the organic linker ligand and the BF4 terminal ligand between two proximal and 
parallel chains. The image was taken from Mercury. 
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increased pore sizes. This material was reported to separate CO2 from a CO2/CH4 
mixture and C2H6 from a CH4/C2H6 mixture. 
[51] 
1.3.4   SAMMs 
The family of molecular sorbents studied in this work is referred to as Werner complexes, 
named after Alfred Werner, a pioneer of coordination chemistry. Werner complexes of 
formula [MX2L4], where M is a divalent transition metal cation (e.g. Cu(II), Co(II), 
Zn(II), Fe(II) etc.), X is an anionic axial ligand in the trans configuration (e.g. Cl-, NCS-, 
NO3
- etc.) and L is a neutral substituted pyridine ligand. In other words, Werner 
complexes consist of octahedrally coordinated metal centres with counterions and 
terminal ligands occupying the axial and equatorial sites, respectively. This coordination 
arrangement affords a propeller-like shape, which leads to the formation of porous 
assemblies via crystalline packing. Thanks to the molecular nature of these metal-
organic moieties, the materials can adopt different packing modes and many compounds 
possess both porous and non-porous phases. The structurally compact “−phase” is 
densely-packed and non-porous, whereas the porous phases include cage (−phase), 
layer (−phase) and channel (−phase) inclusion compounds.[52] The structural 
transformation from a closed to an open phase can result in a type F-IV isotherm, given 
that the transition is sudden, i.e. occurs within a small pressure range. Switching Werner 
complexes will herein be referred to as Switching Adsorbent Molecular Materials 
(SAMMs). 
Werner complexes have been shown to produce type F-IV isotherms in previous 
publications, however the number of sorption studies on these molecular complexes 
remains very limited. There are only five previous reports of Werner complexes, each 
identified with a switching isotherm. For this reason, a new nomenclature system is 
introduced herein, in order to classify the switching Werner complexes under a category 
distinct from that of the Werner complexes. Hereinafter, switching Werner complexes 
will be abbreviated as SAMM-L-M-CI, where L is a ligand number assigned 
chronologically (i.e. 1 being the ligand in the first reported switching Werner complex); 
M is the metal; and CI is the counterion. This nomenclature was recently introduced by 
us in Chemical Communications.[53] The first example of a switching Werner complex 
is SAMM-1-Co-NCS, where 1 = 4-ethylpyridine. The hydrocarbon vapour sorption 
isotherms for this compound were reported as early as 1969, in a seminal sorption study 
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based on Werner complexes.[31] SAMM-1-Co-NCS exhibits switching isotherm when 
exposed to any of the following vapour hydrocarbons: benzene, toluene, OX, PX and 
EB. The second switching Werner complex SAMM-2-Cu-PF6 (2 = 4-methylpyridine), 
was not reported until 2011 by Nakamura et al.[54] This Dalton Transactions paper 
detailed the sorption properties of Werner complexes with flexible and polar axial 
bonds; a switching benzene isotherm is observed for SAMM-2-Cu-PF6.  In 2013, Lusi 
and Barbour published the switching benzene sorption isotherm of SAMM-3-Ni-NCS, 
the third report of a switching Werner complex (3 = 4-phenylpyridine). This was 
followed by a publication on two more switching Werner complexes: SAMM-4-Cu-
BF4 and SAMM-4-Cu-PF6, by Nakamura’s group later that year
[55] (4 = pyridine). Our 
2020 publication was the sixth example of a switching Werner complex, in this case 
only induced by OX.[53] To contextualise the rarity of such switching behaviour, that 
only six out of all published Werner complexes (774 octahedral metal-organic 
complexes with pyridine-based terminal ligands reported in the Cambridge Structural 
Database, CSD[56]) have been shown to exhibit switching isotherms emphasises how 
understudied this class of modular adsorbents remain. Because of the lack of 
experimental evidence, it is fitting not to undermine the chances of known Werner 
complexes to reveal switching behaviour subject to the induction of appropriate stimuli.  
The aforementioned SAMM-3-Ni-NCS is the current selectivity benchmark sorbent for 
OX.[57] It exhibits benchmark selectivities: 34.2, 40.5 and 12.7 for OX/MX, OX/PX and 
MX/PX respectively. This 0D molecular sorbent comprises octahedral nickel clusters, 
both coordinated to two axial (trans) thiocyanate ligands and four equatorial 4-PhPy 
ligands. The −phase structure of this complex can be found in the CSD, along with its 
various guest-included porous phases. Although the compound’s switching sorption 
isotherm for benzene was reported in 2013,[58] its xylene sorption isotherms are not yet 
reported. It is therefore uncertain whether the compound exhibits the same switching 
effect upon sorption of C8 aromatic hydrocarbons. 
The synthesis of the bulk powder of SAMM-3-Ni-NCS is simple and cheap, as it 
involves the addition of the main components, i.e. metal salt (Ni(NCS)2) and ligand (4-
phenylpyridine) together by slurry. Recently, Barbour et al. have shown that the 
compounds [NiCl2(4-PhPy)4] and [CoCl2(4-PhPy)4] can be synthesised purely by 
mechanochemistry, i.e. grinding.[59] These mechanochemically synthesised solid 
solutions yield a homogenous product, while synthesis via crystallisation in methanol, 
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affords a mixture of two polymorphic methanol solvates. Interestingly, the sorption 
properties of the product obtained by grinding was different to that obtained by 
conventional solution methods. This finding shows that mechanochemistry is a viable 
method for the synthesis of solid solutions including those of Werner complexes, which 
may not be accessible by traditional methods.  
Recent reports attempted to utilise different organic ligands to investigate the effect of 
ligand modification on the adsorption selectivity of the material. Nassimbeni et al. 
proposed the use of isoquinoline as a ligand to produce the analogue 
[Ni(NCS)2(isoquinoline)4].
[60] They hypothesised that the large aromatic system of two 
fused aromatic rings might provide enough CH⋯ π and π ⋯ π host-guest interactions to 
impart a profound effect on the host’s selectivity towards xylene. However, on 
experimental analyses, an exactly opposite effect could be noticed: the complex 
exhibited practically no preference for any of the xylene isomers. The authors therefore 
attributed the high selectivity of SAMM-3-Ni-NCS to the torsional flexibility (θ) of the 
phenyl moieties which comprise 4-phenylpyridine, ranging from -24.69° to -39.38° 
(Appendix; Figure A25b) in the overall range -180° ≤ θ ≤ 180°. Conversely, 
isoquinoline has no such flexibility, as its motion is restricted due to the fused aromatic 
system. This study suggests that flexible ligands such as 4-phPy yield better xylene 
adsorbing Werner complexes in terms of selectivity.  
The choice of anion (i.e. axial ligand) also impacts the xylene selectivities of the Werner 
complex. This is often dependent on the bond strength between the anion and the metal 
centre. For example, anions which bond to the metal via nitrogen (M – N), tend to result 
in a more rigid structure than the ones in which the anion is bonded to the metal via a 
single oxygen (M – O). This result is especially pronounced in the case of Cu(II), due 
to the Jahn-Teller effect.[61] This can influence the axial ligand to be in a dynamic 
state[62] with Cu(II) and can often flip from one position to another, induced by either 
temperature or pressure. Such behaviour can affect the packing of the host molecules, 
as found in the porous phase of [Cu(NO3)2(pyridine)4], a typical Werner complex with 
pyridine as the guest molecule.
[62] 
Thanks to their modularity, solid-state Werner complexes are amenable to some of the 
design principles of crystal engineering; therefore, new function-specific variants can 
be custom-designed. For example, the use of a longer ligand with a larger aromatic 
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surface area can result in a greater aromatic guest content per unit formula of the 
complex. Subsequently, this will result in a higher uptake of the guest during adsorption. 
Following a CSD analysis of the OX, MX, PX and benzene clathrates of the complexes 
SAMM-3-Ni-NCS (i.e. [Ni(NCS)2(4-phPy)4] and [Ni(NCS)2(4-mePy)4], it was found 
that SAMM-3-Ni-NCS contains on average 1.25 more aromatic guests per unit formula 
than its 4-methylpyridine variant (Table 1.1). This corresponds to an 83% increase in 
guest content. 
Table 1.1: Comparison of the number of guests per unit formula in the Werner clathrate hosts 
[Ni(NCS)2(4-mePy)4] and [Ni(NCS)2(4-phPy)4]. 
 Guests per unit formula 
 [Ni(NCS)2(4-mePy)4] [Ni(NCS)2(4-phPy)4] 
OX 2 (refcode= ICNIPX) 2 (refcode= FOPRIL) 
MX 1 (refcode= BAPZEX) 2 (refcode= DUTXAR) 
PX 1 (refcode= QQQGKA) 3 (refcode= N/A) 
benzene 2 (refcode= DALDEA) 4 (refcode= VANCIW) 
Total 6 11 




2.75 – 1.5 = 1.25 
*In the case of multiple clathrate phases with different stoichiometry of host to guest, the 
structure with the highest guest content was chosen.  
Both the organic ligands and counterion/axial ligands have an effect on the thermal 
stability of the complex, hence the appropriate functional groups can be chosen to make 
the metal-organic complex more thermally stable. This thesis involves the design and 
synthesis of a variety of Werner complexes to provide valuable insights into structure-
property relationships for the purpose of (i) C8 aromatic isomer separation and (ii) water 
harvesting. Theoretically, Werner complexes could be designed with hydrophilic 
functional groups / side chains in order to facilitate water vapour adsorption via the 
formation of hydrates by a closed-to-open transformation. The testing of this hypothesis 
herein will be the first such experiment, as this application has not yet been attempted 
with molecular sorbents and it is thus far unclear whether switching in Werner 
complexes can indeed be induced by water. The thesis aims to explore this by 
synthesising Werner complexes with hydrophilic groups and examining them with a 
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Dynamic Vapour Sorption (DVS) instrument, recording water vapour sorption 
isotherms under ambient conditions. 
1.4 Conclusion & project strategy 
Some of the most pressing global challenges of the twenty-first century include the 
minimisation of energy footprint associated with the bulk-volume commodity chemical 
separation, such as the C8 aromatic hydrocarbons and to also address the global water 
crisis. Thanks to their low energy demand and amenability to tailored design, 
physisorbents are touted to address both the challenges. Among the different classes of 
physisorbents, switching sorbents are of particular interest due to high working 
capacities. Switching metal-organic materials, which are classified into their respective 
dimensional categories, facilitate the adsorption of many different guests, incorporating 
various applications. The prototypal FMOMs typically present a breathing behaviour, 
which involves a structural change of the framework, transitioning from an open to a 
more open phase. The two-dimensional SALMAs most commonly involve a closed-to-
open transition as the distance between the layers increases, allowing enough space for 
the inclusion of guest molecules. Switching also occurs in one-dimensional coordination 
polymers, facilitated by the use of flexible linker ligands. Switching molecular materials, 
the zero-dimensional class of switching sorbents is largely understudied in the context 
of sorption, with only six cases of switching Werner complexes reported in literature 
out of hundreds of known, easy-to-synthesise compounds.  
The work described herein aims to (i) explore the clathrate structures and sorption 
properties of the prototypal SAMM-3-Ni-NCS, for which thermodynamic sorption 
studies on xylenes were not documented; (ii) apply crystal engineering principles to the 
family of SAMMs popularly regarded as Werner complexes to design new variants; (iii) 
synthesise new SAMMs intended for the separation of C8 aromatic hydrocarbons, (iv) 
synthesise new SAMMs intended for water capture and (v) study their sorption 
properties to find structure-property correlations which in turn will offer new crystal 
engineering principles for a new platform of molecular metal-organic materials.  
Chapter 2 is divided into three sections. The first section offers an analysis of SAMM-
3-Ni-NCS as a C8 sorbent. This includes a structural analysis, C8 sorption isotherms 
and a recyclability study. The next two sections focus on the synthesis and 
characterisation of new Werner complexes designed for the application of C8 
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separations. Section 2.2 involves Werner complexes with pyridine ligands while section 
2.3 comprises Werner complexes with imidazole ligands, a much lesser studied family. 
In each case, a preliminary assessment of the complex’s affinity for the aromatic 
hydrocarbons is carried out by either PXRD or TGA. Prior to analysis, the sorbent is 
soaked separately in OX, MX, PX and EB for 24 – 72h and then analysed by comparing 
the PXRD patterns before and after soaking or by investigating the weight loss via TGA 
to identify a potential guest content. A complex which is shown to adsorb the C8 isomers 
is then studied further to investigate sorption properties via DVS Vacuum and selectivity 
via 1H NMR spectroscopy.  
Chapter 3 explores the synthesis, characterisation and sorption properties of new 
Werner complexes designed for the application of water capture, i.e. complexes with 
hydrophilic functional groups. The structures of the apohost and hydrate phases of the 
same complex are analysed side by side, where possible. Section 3.1 investigates the 
sorption properties of Werner complex hydrates already reported in literature. Based on 
these three known compounds, some hypotheses are formed about certain structural 
features which may be favourable to a type F-IV isotherm, i.e. switching property. 
Hence, a plan is formed regarding the type of structural and packing features which will 
be used to synthesise new complexes. Section 3.2 explores the structures and water 
vapour sorption properties of novel Werner complexes. Their sorption isotherms were 
collected on a Surface Measurement Systems DVS Intrinsic.
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Chapter 2 – SAMMs for selective C8 adsorption 
 
 
2.1 SAMM-3-Ni-NCS – prototypal switching Werner complex  
SAMM-3-Ni-NCS consists of an octahedral nickel centre with two trans-coordinated 
thiocyanate ligands and four equatorially coordinated 4-phenylpyridine ligands (Figure 
2.1a). It packs in the orthorhombic space group Pbca with Z = 8 (Figure 2.1b). The 
sorbent in this phase is densely packed and non-porous: it can therefore be classified as 
the −phase, based on previously established nomenclature.[52] The first reported phase 
of this compound was a DMSO clathrate.[63] The −phase was reported three years later 
by Nassimbeni, Niven and Taylor.[64]  
Since then, many more clathrate structures have been published, as the complex forms 
clathrates readily with many different guests. The complete list of guests, which have 
been enclathrated by the complex as published in literature comprises: DMSO, [63] 
MX,[64] 4-phenylpyridine/2-methoxyethanol,[65] OX,[64] PX/DMSO,[64] 4-
phenylpyridine/DMSO,[65] phenylacetylene/DMSO,[65] toluene & benzene[58] and 
PX.[57] In each of the inclusion compounds, the host molecules assume a different 
packing mechanism to provide an intermolecular network with the most efficient 
packing around the guests. This supramolecular adaptability displays the versatile nature 
of Werner complexes as hosts, unlike the strong, covalently bonded MOFs. On the other 
hand, a disadvantage of the lack of a covalently bonded network is lower thermal 
 
Figure 2.1: a) Asymmetric unit of SAMM-3-Ni-NCS; b) Crystal packing of SAMM-3-Ni-NCS 
with packing view along the crystallographic a axis. Structure obtained from CSD (refcode: 
FOPREH). Colour code: green (Ni), blue (N), grey (C), yellow (S). Hydrogens are omitted for 
clarity.  
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stability. SAMM-3-Ni-NCS is stable up to only ca. 150 °C, a temperature that may be 
considered low for temperature-swing sorption processes, as xylenes possess boiling 
points in the range 136-144 °C. 
Figure 2.2 compares the packing modes of SAMM-3-Ni-NCS in the presence of a) OX; 
b) MX and c) PX. The structures of the OX and MX clathrates were found in the 
Cambridge Structural Database (CSD), whereas the PX clathrate structure was collected 
in-house by following the procedure described in literature.[57] The OX clathrate packs 
in the orthorhombic space group Fdd2 with Z = 8 and two guest molecules per unit 
formula. The host:guest geometry of this phase indicates a −phase as it is a cage-like 
inclusion compound, where guest molecules are enclosed in a cavity formed by the 
surrounding host molecules. According to Lusi & Barbour, the OX clathrate of SAMM-
3-Ni-NCS has the most efficient occupation of guest-accessible volume compared to 
the MX and PX clathrates.[57] The authors note that the trend in guest occupation 
 
Figure 2.2: a) Crystal packing of the OX clathrate of SAMM-3-Ni-NCS (obtained from 
CSD, refcode: FOPRIL); b) MX clathrate (obtained from CSD, refcode: DUTXAR10); c) 
PX clathrate structure collected in-house. All packing views are along the crystallographic a 
direction. Colour code: see Figure 2.1. 
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efficiency (i.e. MX<PX<OX) does not agree with the selectivity of the sorbent towards 
xylenes, however, it does agree with the kinetics, where the guests that pack most 
efficiently are mostly rapidly adsorbed. 
The MX clathrate packs in the monoclinic space group C2/c with Z = 4 and two guest 
molecules per unit formula. The inclusion compound is a channel-type clathrate; hence 
it can be referred to as the −phase. Conversely to the OX-containing phase, the MX 
clathrate has the least efficient occupation of guest-accessible volume and the slowest 
kinetics. However, the sorbent exhibits a preference for MX over PX with a selectivity 
of 12.7. 
The PX clathrate packs in the triclinic space group P-1 with Z = 2 and three guest 
molecules per unit formula. Similarly to the MX clathrate, this inclusion compound 
possesses channels and can be classified as the −phase. It has moderate packing 
efficiency, less efficient than OX but more efficient than MX. In terms of selectivity, 
PX is the least preferred isomer by SAMM-3-Ni-NCS. 
As the sorption isotherms for xylenes and EB were not reported, it was unknown 
whether the sorbent undergoes closed-to-open switching induced by the C8 aromatic 
hydrocarbons. Hence, we performed in-house vacuum DVS measurements to 
investigate it. This was done by exposing the −phase of SAMM-3-Ni-NCS to OX, 
MX, PX and EB vapour and measuring its increase in mass as a function of increasing 
partial pressure of the adsorbate in the range 0 ≤ P/P0 ≤ 1.  
Dynamic vapour sorption (DVS) measurements were conducted using a Surface 
Measurement Systems DVS Vacuum at 298 K. Approximately 10 mg of sample was 
used for each experiment. The mass of the sample was determined by comparison to an 
empty reference pan and recorded by a high-resolution microbalance with a precision 
of 0.1 µg. Samples of the sorbent were further degassed under high vacuum (1x10-5 
Torr) in-situ. Stepwise increase in relative pressure from 0 to 95% was controlled by 
equilibrated weight changes of the sample (dm/dT = 0.01%/min). The minimum and 
maximum equilibration time for each step were 10 and 600 min, respectively. Vacuum 
pressure transducers were used with ability to measure from 1x10-6 to 760 Torr with a 
resolution of 0.01%. These experimental parameters have been used consistently 
throughout this project, except where stated otherwise. 
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The result confirmed that the complex undergoes closed-to-open switching, i.e. 
produces a type F-IV isotherm for xylenes and ethylbenzene (Figure 2.3). The OX 
isotherm exhibits the earliest gate-opening pressure at ca. 0.55 P/P0, followed by MX 
(0.6 P/P0), EB (0.75 P/P0) and PX (0.8 P/P0). The experimental uptake agrees with the 
theoretical number of guest molecules per unit formula in the crystal structures of the 
xylene clathrates, i.e. two OX molecules, two MX molecules and three PX molecules 
per unit formula. 
The working capacity of the sorbents was severely impeded by large hysteresis in all of 
the C8 aromatic hydrocarbons. Additionally, in the case of OX and MX, desorption 
occurred only partially. At 0.0 P/P0, the guest loading was 24 wt% and 20 wt% for OX 
and MX respectively. The material would require additional heating to fully desorb 
these guests. However, this process could be complicated due to the sorbent’s low 
thermal stability (ca. 150 °C).  
Nonetheless, in cases where the guest is fully desorbed at 0 P/P0, as is the case with PX 
and EB, a simple pressure-swing process would be sufficient to instigate a sorption cycle. 
The recyclability of SAMM-3-Ni-NCS was investigated by exposing the sorbent to 
multiple sorption cycles of PX. In order to study the kinetics of PX sorption on SAMM-
3-Ni-NCS, the powder sample was first degassed for half hour. It was then exposed to 
 
Figure 2.3: Thermodynamic sorption isotherms of OX (green), MX (blue), PX (red) and 
EB (purple) on SAMM-3-Ni-NCS.  
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95% relative pressure of PX for 20 hours as the adsorption step and exposed to vacuum 
for 2 hours as the desorption step. This was repeated five times to investigate the 
performance over five consecutive sorption cycles. It was found that the sorbent is fully 
recyclable and exhibits no structural degradation after five cycles (Figure 2.4).  
The next part of the chapter will explore the effect of changing the axial ligands of 
SAMM-3-Ni-NCS from thiocyanate groups to trifluoromethanesulfonate or triflate 
(OTf-). This counterion was chosen because of the high thermal stability associated with 
the acid form (triflic acid) and its salts.[66] It was speculated that the resulting Werner 
complex could have a higher thermal stability than that of the thiocyanate variant.  
2.2 Crystal engineering of the prototypal SAMM 
2.2.1  [Co(OTf)2(4-phPy)4] 
The Werner complex [Co(OTf)2(4-phPy)4] was obtained by mixing an ethanolic 
solution of Co(OTf)2 with an ethanolic solution of 4-phenylpyridine in a 1:4 molar ratio. 
The reaction was kept stirring at room temperature for 5 h, then filtered and dried in the 
oven at 85 °C to obtain a pink powder. Single crystals of the closed phase were isolated 
by recrystallising the powder from ethanol, whereas single crystals of the OX clathrate 
were isolated by recrystallising the powder from OX.  
 
Figure 2.4: Recyclability study of five consecutive sorption cycles of PX on the molecular sorbent 
SAMM-3-Ni-NCS. 
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Single crystals of the −phase [Co(OTf)2(4-phPy)4] could not be isolated. During the 
crystallisation process, the complex became hydrated. Water molecules coordinated to 
the metal and replaced the triflate groups. This resulted in the formation of a −phase 
aqua complex with one uncoordinated triflate anion as guest (Figure 2.5). 
The isolation of single crystals of [Co(OTf)2(4-phPy)4] was successful when the 
powder was recrystallized from OX, yielding the OX inclusion compound. As seen in 
Figure 2.6a, where the guest molecules were omitted for clarity, [Co(OTf)2(4-phPy)4] 
consists of a cobalt centre, trans-coordinated to two triflate ligands and equatorially to 
four 4-phenylpyridine ligands. It packs in the triclinic space group P-1 and contains four 
 
Figure 2.5: a) Unit of [Co(H2O)2(4-phPy)4]
2+•OTf-, b) Crystal packing of [Co(H2O)2(4-
phPy)4]
2+•OTf - with packing view along the crystallographic b direction. 
 
Figure 2.6: a) Unit of the host [Co(OTf)2(4-phPy)4]. Guest OX molecules were omitted for 
clarity. b) Crystal packing of [Co(OTf)2(4-phPy)4] with packing views along the 
crystallographic a axis. Colour code: purple (Co), blue (N), red (O), yellow (S), grey (C), 
bright green (F). Hydrogens are omitted for clarity. 
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OX molecules per unit formula. The guest molecules sit in channels created by the host 
molecules, making this a −phase porous Werner complex (Figure 2.6b). Both host-host 
and host-guest interactions comprise H-bonding, with weak C–H···F and C–H···O 
bonds governing the host-host interactions, while the host-guest interactions are 
composed of C–H···F and C–H···π.  
Thermogravimetric analysis (TGA) confirmed that [Co(OTf)2(4-phPy)4] is more 
thermally stable than SAMM-3-Ni-NCS. With a thermal stability of 200 °C, the 
complex is ca. 50 °C more stable than SAMM-3-Ni-NCS (Figure 2.7a). TGA also 
revealed that the −phase adsorbs ca. 30 wt% of OX when soaked in it (Figure 2.7b). 
This corresponds to roughly four OX molecules, which agrees with the crystal structure 
of the OX clathrate. However, the samples soaked in MX, PX and EB show only a 5 
wt% guest content. This number is too small to correspond to even half a xylene 
molecule. It is more likely that while the compound did not adsorb any MX, PX or EB, 
it instead became hydrated to the structure in Figure 2.5. Indeed, the 5% loss translates 
in weight to two water molecules. This was confirmed by PXRD (Figure 2.7c), where 
 
Figure 2.7: a) TGA profiles of SAMM-3-Ni-NCS (black) and [Co(OTf)2(4-phPy)4] (red); 
b) TGA profiles of [Co(OTf)2(4-phPy)4] soaked in OX (red), MX (blue), PX (pink) and EB 
(green); c) Calculated PXRD pattern of [Co(H2O)2(4-phPy)4]
2+•OTf – (black), sample of 
[Co(OTf)2(4-phPy)4] soaked in MX (red), PX (blue) and EB (pink). 
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the samples soaked in MX, PX and EB match the PXRD of the aqua complex. To 
summarise, the data collected has shown that the Werner complex [Co(OTf)2(4-phPy)4] 
is water-unstable and therefore would not be a viable candidate for an industrial process 
such as the separation of C8 aromatic hydrocarbons. However, it is of interest that the 
complex adsorbs only OX and not the other C8 aromatic hydrocarbons. Such property 
would be desirable if the complex was more water stable. The synthesis was therefore 
repeated with copper triflate, Cu(OTf)2.  
2.2.2  SAMM-3-Cu-OTf  
2.2.2.1 Closed- & open-phase crystal structures 
The copper analogue [Cu(OTf)2(4-phPy)4] was obtained by mixing an ethanolic 
solution of Cu(OTf)2 with an ethanolic solution of 4-phenylpyridine in a 1:4 molar ratio. 
  
Figure 2.8: a) Formula unit of the −phase of [Cu(OTf)2(4-phPy)4]; b) Crystal packing of 
the −phase of [Cu(OTf)2(4-phPy)4] with packing view in the crystallographic a direction; 
c) Formula unit of the −phase of [Cu(OTf)2(4-phPy)4]; d) Crystal packing of the −phase 
of [Cu(OTf)2(4-phPy)4] with packing view in the crystallographic a direction. Colour code: 
orange (Cu), red (O), blue (N), yellow (S), grey (C), bright green (F), dark green (OX). 
Hydrogens are omitted for clarity. 
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The reaction was kept stirring at room temperature for 5 h, then filtered and dried in the 
oven at 85 °C to obtain a dark blue powder. Single crystals of the closed phase were 
isolated by recrystallising the powder from ethanol. The −phase packs in the triclinic 
space group P1 with Z = 2 (Figure 2.8b). The crystallographic independence of the two 
molecules which comprise the unit cell arises from 1) Jahn-Teller effect and 2) torsional 
flexibility of 4-phenylpyridine. Jahn-Teller effect is responsible for the varying Cu–O 
distances between the central Cu(II) and the triflate groups, with distances ranging from 
2.344 to 2.498 Å (Appendix; Figure A1). With regards to 4-phenylpyridine, this ligand 
exhibits a high degree of torsional flexibility, which allows the phenyl-pyridine moieties 
to lie along different geometric planes that are most energetically favourable (Appendix; 
Figure A2). This is likely to be a factor in the high packing efficiency of this compound 
(Figure A3). 
The open phase was obtained by recrystallising the powder of [Cu(OTf)2(4-phPy)4] 
from OX. This −phase complex is isostructural to the Co variant: it packs in P-1 with 
Z = 2 and contains four OX molecules per unit formula (Figure 2.8d). Both host-host 
and host-guest interactions are governed by C–H···F, C–H···O and C–H···π H-bonds 
(Appendix; Figures A4–A5; Tables A1–A2). 
The open (−) phase of the complex exists in two distinct solvated phases: phase I forms 
when the −phase is crystallised from pure OX and phase II forms when the −phase 
is crystallised from an OX-containing, binary isomer mixture, i.e. OX/MX, OX/PX or 
OX/EB. Phases I & II crystallise in the same space group (P-1) and both contain four 
guest molecules per unit formula, however their unit cell dimensions differ. Unlike 
phase I, phase II exhibits considerable disorder in the guest molecules (Figure 2.9). 
When phase II is obtained by crystallisation from an equimolar OX/MX mixture, there 
is substitutional disorder between an OX and an MX molecule at one of the guest sites 
in the unit cell (Figure 2.10). By refining the total occupancy ratio of OX to MX in the 
unit cell, a calculated selectivity was obtained (6.5 ± 0.2). This value closely resembles 
the OX/MX selectivity estimated by 1H NMR (see subsection 2.2.2.3). Presence of MX 
in the structure supports the explanation that OX causes the uptake of other isomers 
when the open phase sorbent is exposed to a mixture of xylenes. However, it was not 
possible to resolve substitutional disorders in the phase II structures crystallised from 
OX/PX and OX/EB mixtures, as the disorder was too subtle to model. This is likely due 
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to higher selectivities for OX/PX and OX/EB compared to OX/MX, as discussed in 
subsection 2.2.2.3. 
2.2.2.2  OX discrimination & sorption studies 
TGA & PXRD analysis showed that [Cu(OTf)2(4-phPy)4] exhibits the same thermal 
stability as the cobalt variant (ca. 200 °C) and adsorbs only OX, while having no affinity 
for the other three C8 aromatics. When the samples of the −phase were soaked in the 
aromatic hydrocarbons for 24 hours, the powder soaked in OX produced a different 
PXRD than that of the −phase after soaking, whereas the samples soaked in MX, PX 
and EB exhibited PXRD patterns identical to the −phase PXRD (Figure 2.11a). 
Similarly, the sample soaked in OX was the only one which showed a dip in the TGA 
profile, indicative of a loss of four OX molecules (Figure 2.11b). This result was 
 
Figure 2.9: a) Crystal packing of SAMM-3-Cu-OTf phase I; b) Crystal packing of phase II, 
crystallised from an equimolar OX/MX mixture. 
 
Figure 2.10: Substitutional disorder between an OX and an MX molecule in a phase II 
structure crystallised from an equimolar OX/MX mixture. Image taken from Olex2. 
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reproduced when the samples were kept at 105 °C for 72h, eliminating the role of 
kinetics in this discriminatory adsorption (Appendix; Figure A6). Vapour sorption 
isotherms of the four C8 aromatic hydrocarbons were collected in DVS Vacuum, 
showing that only OX induces an opening of the complex into a porous inclusion 
compound (Appendix; Figure A7). 
Unlike the Co analogue, [Cu(OTf)2(4-phPy)4] is anhygroscopic and stable in the 
presence of water. A sample of the −phase was exposed to water vapour in DVS 
 
Figure 2.11: a) PXRD patterns of calculated (calc.) [Cu(OTf)2(4-phPy)4], calc. 
[Cu(OTf)2(4-phPy)4]•4OX, experimental (exp.) [Cu(OTf)2(4-phPy)4] soaked in OX, MX, 
PX and EB (arranged from bottom to top); b) TGA traces of [Cu(OTf)2(4-phPy)4] soaked 
in OX (red), MX (blue), PX (pink) and EB (green). 
 
Figure 2.12: a) Water vapour isotherm of [Cu(OTf)2(4-phPy)4] collected in DVS Vacuum; 
b) Testing the hydrolytic stability of [Cu(OTf)2(4-phPy)4]. On the diffractogram: −phase 
of calc. [Cu(OTf)2(4-phPy)4] (black), exp. [Cu(OTf)2(4-phPy)4] (red) and sample of 
[Cu(OTf)2(4-phPy)4] kept at 75% RH (40 °C) for 7 d (blue). 
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Vacuum and the resulting isotherm indicated no water uptake (Figure 2.12a). A 
hydrolytic stability experiment was also performed, where a sample of the Werner 
complex was kept in a humidity chamber at 75% relative humidity (RH), 40 °C, for a 
week. After this time, the PXRD of the sample accurately matched that of the −phase 
(Figure 2.12b). Another vacuum DVS experiment showed that when exposed to OX 
vapour, the complex undergoes closed-to-open switching (Figure 2.13a); it is therefore 
nominated SAMM-3-Cu-OTf, following the nomenclature introduced in section 1.3.4. 
Similarly to SAMM-3-Ni-NCS, there is large hysteresis, which impedes the full 
working capacity of the sorbent. However, OX is fully desorbed at 0 P/P0. The sorbent 
is recyclable and shows no structural degradation after five consecutive sorption cycles 
as seen in Figure 2.13b. Kinetics of the first cycle is slower than the next four cycles. 
This is likely caused by an increase in surface area of the sorbent post 1st cycle. This 
may occur due to the following factors: (i) increase in surface roughness i.e. corrugation 
(Appendix; Figure A8) and (ii) reduced particle agglomeration (Appendix; Figure A9), 
as shown by SEM images. 
The finding that SAMM-3-Cu-OTf selectively adsorbs OX led us to believe that the 
sorbent may exhibit high OX preference over the other isomers. NMR spectroscopy was 




Figure 2.13: a) Thermodynamic sorption isotherm of OX vapour on SAMM-3-Cu-OTf. 
Filled symbols represent adsorption, whereas empty symbols represent desorption; b) Five 
consecutive sorption cycles of OX on SAMM-3-Cu-OTf. 
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2.2.2.3  Measuring selectivity 
Vapour-phase selectivity experiments were performed by placing 20 mg of the 
crystalline powder of SAMM-3-Cu-OTf in a smaller vial and sealing it inside a larger 
vial containing 30 mL of an equimolar binary mixture of any of the C8 isomer pairs. 
After standing for 4 d at rt, the smaller vials were removed and placed in the fume hood 
for 30 min to eliminate any surface condensation. The crystalline powder in each vial 
was dissolved in 1.5 mL of deuterated chloroform (CDCl3) to serve as the probe solution 
for 1H NMR studies. Selectivity was calculated by integrating the methyl group peaks 
of each isomer and measuring their respective ratio in a binary mixture: an example is 
given in Figure 2.14, whereas all other NMR spectra collected in this experiment are 
provided in the Appendix (Figures A10–A12). An average value was then calculated 
from three separate experiments performed under identical conditions. Values for 
MX/PX, MX/EB and PX/EB were omitted, as there were no intensity peaks 
corresponding to these isomers on the NMR spectrum when OX was not present 
(Appendix; Figures A13–A15). 
 
Figure 2.14: 1H NMR spectrum for the methyl groups of MX (chemical shift,  = 2.32) and 
OX ( = 2.27) in an equimolar OX/MX mixture. 
Batch no. OX/MX OX/PX OX/EB 
1 6.12 23.13 17.97 
2 6.00 22.93 17.90 
3 6.11 23.09 18.11 
Average 6.08 23.05 17.99 
Table 2.1: Average selectivity values for OX-containing isomer mixtures in the vapour phase. 
Table 2: Selectivity values for oX-containing isomer mixtures in the vapour phase. 
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Liquid-phase selectivity measurements were also performed. A similar procedure was 
carried out, whereby 20 mg of SAMM-3-Cu-OTf was soaked in equimolar binary 
solvent mixtures (2 g) of C8 isomer pairs for 48 h, subsequently filtered and dried in the 
fumehood for 30 mins. The dried powder was then dissolved in CDCl3. NMR data for 
the liquid-phase selectivity experiments is provided in the Appendix, Figures A16-A18. 
The selectivity values for OX-containing isomer mixtures in the liquid phase are given 
below: 
Batch no. OX/MX OX/PX OX/EB 
1 5.00 12.32 10.67 
2 4.95 12.33 10.20 
3 4.91 12.33 10.54 
Average 4.95 12.33 10.47 
Table 2.2: Average selectivity values for OX-containing isomer mixtures in the liquid phase. 
Selectivity studies indicated that SAMM-3-Cu-OTf opens up into a porous structure in 
the presence of OX. Subsequently, this results in the uptake of guests: predominantly 
OX, however, when other isomers are present they also enter the H-bonded 
intermolecular network. This theory agrees with the crystal structures analysis of 
different solvated phases in subsection 2.2.2.1 where substitutional disorder between 
OX and MX molecules can be observed (Figure 2.10).  
In summary, the switching Werner complex SAMM-3-Cu-OTf exhibits high selectivity 
values, which outperform many rigid MOFs. It is currently the third best-performing 
material in terms of OX preference, after sql-1-Co-NCS and SAMM-3-Ni-NCS 
(Appendix; Figure A19, Tables A3, A4). In terms of uptake capacity, SAMM-3-Cu-
OTf performs better than SAMM-3-Ni-NCS. These findings were reported in our 2020 
Chemical Communications paper titled “[Cu(4-
phenylpyridine)4(trifluoromethanesulfonate)2], a Werner complex that exhibits high 
selectivity for o-xylene.”[53] 
2.2.3   [Cu(OTf)2(4-bePy)4] – variant with a more flexible ligand 
The highly stable copper triflate Werner complex SAMM-3-Cu-OTf, which exhibited 
promising C8 separation properties was synthesised with a more flexible ligand variant, 
namely 4-benzylpyridine. The added flexibility arises from an additional CH2 link 
between the pyridyl and phenyl aromatic rings. This results in conformational flexibility 
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of the ligand’s phenyl ring as well as torsional flexibility of both the phenyl and pyridyl 
rings. It was speculated that a higher level of flexibility in the ligand may result in a 
selectivity boost towards the C8 aromatics, analogous to the modification from 
isoquinoline to 4-phenylpyridine.[60, 67] It was also hypothesised that the heightened 
dynamic state may decrease the gate-opening pressure for aromatics as the flexible 
complex would need less energy to assume a conformation favourable to the formation 
of a clathrate. 
[Cu(OTf)2(4-bePy)4] was synthesised by slurrying Cu(OTf)2 in ethanol and adding an 
ethanolic solution of 4-benzylpyridine (1:4 molar ratio) dropwise. The resulting 
 
Figure 2.15: a) A unit of [Cu(OTf)2(4-bePy)4]; b) Crystal packing of [Cu(OTf)2(4-bePy)4] 
with packing view in the crystallographic b direction. 
 
Figure 2.16: TGA traces of [Cu(OTf)2(4-bePy)4] soaked for 48h in OX (black), MX (red), 
PX (blue) and EB (pink). 
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precipitate was filtered and dried at 85 °C. Single crystals were isolated by 
recrystallising the powder from ethanol, layered with hexane. 
The octahedral metal-organic complex (Figure 2.15a) packs in the triclinic space group 
P-1 with Z = 2. The dense structure, which contains no guests indicates an −phase 
(Figure 2.15b). Host-host interactions comprise H-bonds, namely C–H···F, C–H···O 
and C–H···π. Contrary to the hypothesis, the complex shows no uptake of any of the C8 
aromatic hydrocarbons (Figure 2.16). The complex is also less thermally stable (up to 
ca. 150 °C) than SAMM-3-Cu-OTf.  
The incorporation of 4-benzylpyridine as a ligand was also attempted with nickel 
thiocyanate. However the same result was encountered: [Ni(NCS)2(4-bePy)4] also had 
no affinity for any of the C8 aromatic hydrocarbons. The compound’s crystal structure 
and PXRD comparison of C8-soaked samples can be found in the Appendix (Figure 
A20). 
A possible explanation for the lack of uptake by the two Werner complexes with 4-
benzylpyridine is that the conformational flexibility of the ligand resulted in a high 
packing efficiency of the −phase (crystal density = 1.457 g/cm3 and 1.360 g/cm3 for 
[Cu(OTf)2(4-bePy)4] and [Ni(NCS)2(4-bePy)4] respectively). Consequently, it was not 
energetically favourable for the host to form clathrates with the C8 aromatics. This 
phenomenon has been previously reported with the host [Ni(NCS)2(4-styrylpyridine)4], 
where the ligand also exhibits conformational flexibility.[68] In this regard, a ligand 
which exhibits only torsional flexibility and not conformational flexibility like 4-
phenylpyridine may be a better alternative to design a complex that forms clathrates 
with aromatics.  
 
2.2.4           Imidazole quasi-Werner complexes 
2.2.4.1 CSD search 
A CSD search was carried out to find the number of reported pyridine-based Werner 
complexes. The restrictions applied for the search consisted of the following:  
1. The complex must possess a single metal centre, i.e. the central metal cannot be 
coordinated to another metal. 
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2. The complex must possess octahedral geometry. 
3. At least four equatorial ligands must be coordinated to the metal centre via a 
pyridine moiety. 
4. The ligands must be terminal. 
A search with the above criteria returned a list of 774 matching compounds after a 
manual rejection of irrelevant hits. 
A second search was carried out, this time looking for imidazole-based Werner 
complexes. All other criteria from the first search was maintained, apart from no. 3. 
After the same manual rejection of irrelevant hits, the number of matching compounds 
was 1. This indicated that the imidazole class of Werner complexes is understudied. A 
number of Werner complexes with imidazole-based ligands were therefore included in 
this study.  
2.2.4.2  [M(X)2(im)4] 
The simplest ligand variant, namely imidazole (im), was synthesised with the metal salts 
Ni(NCS)2 and Cu(OTf)2. The complexes were synthesised in their non-porous forms, 
 
Figure 2.17: a) Unit of [Ni(NCS)2(im)4]; b) Crystal packing of [Ni(NCS)2(im)4] with 
packing view along the crystallographic a axis; c) Unit of [Cu(OTf)2(im)4]; d) Crystal 
packing of [Cu(OTf)2(im)4] with packing view along the crystallographic a axis. Colour 
code: green (Ni), grey (C), blue (N), yellow (S), orange (Cu), red (O), bright green (F). 
Hydrogens are omitted for clarity. 
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i.e. −phases (Figure 2.17b and 2.17d) by slurrying the metal salts and imidazole in 
methanol, following the same experimental procedure described in the previous sections. 
They formed clear solutions with no precipitate. Single crystals were isolated by slow 
evaporation from the mother liquor in both cases. 
Crystals of [Ni(NCS)2(im)4] were ground and separated into four samples. Each sample 
was placed in a vial and soaked in OX, MX, PX or EB. After 24 h, the samples were 
filtered, dried and its potential guest content was investigated by TGA. The 
thermogravimetric patterns were flat in the range 20 °C – 150 °C for all four 
hydrocarbons, indicating no uptake of guests (Appendix; Figure A21). The same result 
was encountered with the pyridine (Py) variant [Ni(NCS)2(Py)4] (Appendix; Figure 
A22). It is possible that due to the small size of the ligand, the crystal packing of the 
−phase has a high packing efficiency and the inclusion of a large guest such xylene is 
not favoured. However, as the ligand gets longer, the packing index of the −phase 
becomes smaller and it is energetically favourable to reduce the voids in the structure 
by including an aromatic guest. Trimdale et al. showed that compounds with a low 
packing index lead to extensive solvate formation, whereas efficient packing leads to 
the opposite. [70] Indeed, an addition of a methyl group to the pyridine ligand yields a 
Werner complex (M(NCS)2(4-mePy)4) with 54 solvate structures reported in the CSD. 
These consist of a variety of aromatic guests, including xylenes. Conversely, the general 
structure M(NCS)2(Py)4 returns a search result with only four solvate structures, out of 
which two contain an aromatic guest. 
Crystals of [Cu(OTf)2(im)4] were ground and separated into four samples. Similarly, 
each sample was placed in a vial and soaked in OX, MX, PX and EB. After standing at 
rt for 24h, the samples were filtered, dried and analysed by TGA. Similarly to 
[Ni(NCS)2(im)4], the complex showed no uptake of C8 aromatic hydrocarbons 
(Appendix; Figure A23). 
2.2.4.3 [Ni(NCS)2(phIm)4] 
The ligand 1-phenylimidazole (phIm) was used due to its length, large aromatic surface 
area and torsional flexibility. As previously discussed, ligands which exhibit torsional 
flexibility are desirable due to their high affinity and selectivity of aromatic guests.[57, 
60, 67] This ligand is of particular interest, because it gives an opportunity to compare the 
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properties of two similar terminal ligands, which both exhibit torsional flexibility: 1-
phenylimidazole and 4-phenylpyridine. The ligand was reacted with the salt Ni(NCS)2 
to compare the properties of two structurally similar Werner complexes: 
[Ni(NCS)2(phIm)4] and the prototypal SAMM-3-Ni-NCS.  
1-phenylimidazole was dissolved in methanol and added dropwise to a hot methanol 
solution of Ni(NCS)2 in a 4:1 ratio to give the Werner complex [Ni(NCS)2(phIm)4] 
(Figure 2.18a) in its densely-packed −phase (Figure 2.18b). PXRD analysis suggested 
that the sample soaked in OX had undergone a phase change, indicating an uptake of 
OX (Figure 2.18c). However, TGA of the imidazole complex soaked in C8 aromatic 
hydrocarbons indicated no adsorption of the guests, apart from a very small dip (ca. 0.25 
wt%) in the TGA pattern of the OX-soaked sample (Figure 2.18d). It was speculated 
that the host-guest interactions of the OX inclusion compound may be very weak, 
 
Figure 2.18: a) Unit of [Ni(NCS)2(phIm)4]; b) −phase of [Ni(NCS)2(phIm)4] with packing 
view along the crystallographic a direction. Colour code: green (Ni), grey (C), blue (N), 
yellow (S). Hydrogens are omitted for clarity; c) PXRD patterns of calc. [Ni(NCS)2(phIm)4], 
exp. [Ni(NCS)2(phIm)4], sample of [Ni(NCS)2(phIm)4] soaked in OX, MX, PX and EB 
(listed from bottom to top); d) TGA patterns of [Ni(NCS)2(phIm)4] soaked in OX (black), 
MX (red), PX (blue) and EB (pink). 
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causing OX to leave the structure rapidly at room temperature. Single crystals of the OX 
clathrate were isolated by stirring 15 mg of [Ni(NCS)2(phIm)4] powder in 3 mL of OX 
at 50 °C for 5 h. After 24h, blue crystals were isolated and analysed by SCXRD. The 
guest molecule is disordered and could not be successfully modelled; however, it is 
likely that the guest is an OX molecule disordered over a special position (inversion 
centre) (Appendix; Figure A24). If accurate, this finding would further confirm that out 
of the four C8 alkylaromatics, [Ni(NCS)2(phIm)4] forms a clathrate only with OX.  
Uptake of OX was further investigated by exposing the complex to OX in a DVS 
Vacuum (Figure 2.19). This resulted in no uptake by the molecular metal-organic 
complex. This can be seen from the thermodynamic plot as the complex was exposed to 
an increasing partial pressure of OX (Figure 2.19a) and the kinetic plot, as the complex 
was kept at 95% OX partial pressure for 11 h (Figure 2.19b). It is likely that the host-
guest interactions are too weak for OX in the vapour phase to cause an opening of the 
structure into a porous one. However, since liquids are denser than vapours and provide 
a higher concentration of the adsorbate, this may result in a temporary opening of the 
structure for OX and the formation of channels, which collapse shortly after the crystal 
is taken out of the mother liquor. In summary, the data suggests that [Ni(NCS)2(phIm)4] 
forms a channel inclusion compound when exposed to liquid OX, but does not form 
clathrates with the other three C8 aromatics; MX, PX and EB. The host-guest 
interactions, however, appear to be too weak to maintain the intermolecular host-guest 
network outside the mother liquor. It is intriguing that a simple modification from 4-
phenylpyridine to 1-phenylimidazole results in such a drastic effect on the adsorption of 
C8 aromatics. A possible explanation for this may be that the −phase complex 
[Ni(NCS)2(phIm)4] exhibits a higher density (1.395 g/cm
3) than SAMM-3-Ni-NCS 
(1.293 g/cm3). This indicates that [Ni(NCS)2(phIm)4] has a higher packing efficiency. 
The fleeting nature of the −phase clathrate of [Ni(NCS)2(phIm)4] may be caused by 
the fact that it is more content in the −phase than SAMM-3-Ni-NCS. Interestingly, 1-
phenylimidazole exhibits a much higher degree of torsional flexibility in 
[Ni(NCS)2(phIm)4] than 4-phenylpyridine in SAMM-3-Ni-NCS (Appendix; Figure 
A25). This further supports the speculations formed in subsection 2.2.2.1 about the 
torsional flexibility of 4-phenylpyridine in SAMM-3-Cu-OTf being a factor in the 
complex’s efficient crystal packing.  




2.2.4.4  [Ni(NCS)2(beIm)4] 
The ligand 1-benzylimidazole (beIm) was used as the imidazole variant of a ligand 
which exhibits both conformational and torsional flexibility to further investigate the 
theory about ligands with too much flexibility hindering the formation of clathrates, 
speculated in subsection 2.2.3. 
[Ni(NCS)2(beIm)4] was synthesised by slurrying 1 mmol of Ni(NCS)2 (174.9 mg) and 
4 mmol 1-benzylimidazole (632.8 mg) together in 15 mL of ethanol at rt, which resulted 
in the formation of a purple precipitate. After about 6 h, the precipitate was filtered and 
dried. Single crystals were obtained by recrystallising the powder in butanol.  
The −phase complex packs in the triclinic space group P-1 with Z = 2 (Figure 2.20). 
One of the ligands exhibits disorder on the phenyl ring over two positions. This kind of 
disorder is indicative of both a torsional and conformational flexibility, as the phenyl 
ring twists along its axis while also moving back and forth (Figure 2.21). The H-bonded 
intermolecular network consists primarily of weak H-bonds such as C–H···π, C–H···S 
and C–H···N.  
 
 
Figure 2.19: a) OX sorption isotherm on [Ni(NCS)2(phIm)4] in the range 0 ≤ P/P0 ≤ 95; b) 
Kinetic plot of [Ni(NCS)2(phIm)4] exposed to OX vapour at 95% P/P0 for ca. 11 h. 





Figure 2.20: a) Formula unit of [Ni(NCS)2(beIm)4]; b) Crystal packing of 
[Ni(NCS)2(beIm)4] with packing view along the crystallographic c direction. Colour code: 
green (Ni), blue (N), grey (C), yellow (S). Hydrogens are omitted for clarity. 
 
Figure 2.21: A phenyl ring disordered over two positions (chemical occupancy of 0.5) in 
the crystal structure of the host complex [Ni(NCS)2(beIm)4].  
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Indeed, the complex [Ni(NCS)2(beIm)4] showed no uptake of the C8 aromatic 
hydrocarbons, as the PXRD patterns of −phase samples soaked in OX, MX, PX and 
EB indicated no phase change after soaking, meaning that the closed phase packing was 
maintained (Figure 2.22). This further conveys that too much flexibility in a ligand has 
a disadvantageous effect on its likelihood to form clathrates. 
2.3 Conclusion 
Chapter 2 features an investigation into the prototypal sorbent SAMM-3-Ni-NCS: this 
included the collection of C8 aromatic hydrocarbon vapour isotherms and consecutive 
PX sorption cycles to investigate the sorbent’s recyclability. The former indicated that 
the sorbent exhibits a ‘closed-to-open’ switching for all four aromatic hydrocarbons. 
The latter indicated that the sorbent is stable over at least five consecutive sorption 
cycles with consistent uptake in each cycle. Some disadvantages of the sorbent included 
high-pressure gate opening and hysteresis.  
The next section focuses on the crystal engineering of SAMM-3-Ni-NCS. Firstly, the 
counterion or axial ligands of the complex were modified from thiocyanate to 
trifluoromethanesulfonate (triflate). The theory that this would improve the thermal 
 
Figure 2.22: TGA traces of [Ni(NCS)2(beIm)4] soaked in OX (black), MX (red), PX (blue) 
and EB (pink). 
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stability of the complex proved to be correct. A detailed analysis of the new Werner 
complex SAMM-3-Cu-OTf was carried out, including (i) elucidation of crystal 
structures of the −phase complex and two solvated clathrates; (ii) PXRD, TGA and 
DVS analysis of the complex’s affinity for C8 aromatic hydrocarbons showing a 
discrimination for pure OX; (iii) investigation of hydrophobicity by PXRD and DVS; 
(iv) collection of the OX vapour sorption isotherm; (v) recyclability experiment 
performed by collecting kinetic data over five consecutive sorption cycles and (vi) 
selectivity experiments analysed by 1H NMR. Selectivity experiments indicated that the 
sorbent exhibits a high preference for OX and that OX/MX, OX/PX and OX/EB 
selectivity values outperform many rigid MOMs reported in literature. 
Crystal engineering principles were also applied by altering the ligand from 4-
phenylpyridine to 4-benzylpyridine. This modification acted as a means to increase the 
flexibility of the ligand to make it more adaptable to structural changes. However, the 
increase in flexibility resulted in a highly dense, i.e. efficient crystal packing of the 
−phase, making it unfavourable for the host to form clathrates with the C8 aromatics. 
Both [Ni(NCS)2(4-bePy)4] and [Cu(OTf)2(4-bePy)4] showed no affinity for OX, MX, 
PX and EB.  
The second half of the chapter focuses on Werner complexes with imidazole ligands, 
which were shown to be largely under-represented in previous literature, compared to 
variants with pyridine ligands. The simple imidazole ligand was reacted with Ni(NCS)2 
and Cu(OTf)2 salts and two new Werner complexes were obtained: [Ni(NCS)2(im)4] 
and [Cu(OTf)2(im)4]. The complexes did not show an uptake of C8 aromatic 
hydrocarbons. It was speculated that this may be caused by their high packing 
efficiencies due to small ligand size.  
The ligand 1-phenylimidazole was used in this section as a tool to draw parallels 
between [Ni(NCS)2(phIm)4] and its pyridine-based derivative, the prototypal SAMM-
3-Ni-NCS. Unlike the prototype, which adsorbs OX, MX, PX and EB, 
[Ni(NCS)2(phIm)4] shows a weak affinity only for OX. Host-guest interactions appear 
to be labile, as OX leaves the structure before its content can be measured by TGA. The 
uptake of OX vapour was investigated by Vacuum DVS, however no uptake was 
recorded. It is likely that OX in the vapour phase does not possess enough energy to 
cause an opening of the intermolecular framework. In summary, [Ni(NCS)2(phIm)4] 
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has extremely different clathrating properties to its pyridine variant SAMM-3-Ni-NCS. 
The crystal densities and ligand torsion angles of the two Werner complexes are 
compared and it is speculated that [Ni(NCS)2(phIm)4] may be less likely to form 
solvates due to a slightly higher crystal packing efficiency of the −phase.  
The new Werner complex [Ni(NCS)2(beIm)4] was also studied in this section. Similar 
to its pyridine derivative, the complex showed no uptake of OX, MX, PX or EB. The 
positional disorder of one of the phenyl rings of the ligand is modelled, which casts light 
on the fact that the ligand exhibits both torsional and conformational flexibility.  This 
supports the theory that the conformational flexibility of the ligand, which is not present 
in less flexible variants such as 4-phenylpyridine, counterproductively hinders the 
formation of clathrates due to an energetically content, densely packed −phase. 
To summarise, the work done in this chapter has shown that −phase Werner complexes 
that exhibit high packing efficiency are much less likely to form clathrates, especially 
with aromatics. For this reason, small ligands such as imidazole or highly flexible 
ligands such as 4-bePy or beIm should be avoided as they form dense −phase structures 
with a high packing index. This results in a reluctancy to form clathrates, as doing so 
would be less energetically favourable.  
The ligand 4-phenylpyridine works very well as shown by the performance of the 
sorbents SAMM-3-Ni-NCS and SAMM-3-Cu-OTf. It appears that the ligand is in a 
‘sweet spot’ regarding its level of flexibility. 4-phenylpyridine exhibits torsional 
flexibility around its aromatic rings, making it much more efficient in the adsorption of 
aromatic guests compared to its rigid variant isoquinoline. However, too much 
flexibility can also be counterproductive to the adsorption of aromatic guests as 
exemplified by the ligands 4-bePy and beIm. 
As a final remark, out of the compounds studied in this chapter, the ones with pyridine-
based ligands showed better properties in terms of selective adsorption of C8 aromatic 
hydrocarbons than their imidazole variants. However, more imidazole Werner 
complexes must be synthesised and compared to their pyridine variants before any 
conclusions can be drawn about the utility of this family of compounds as C8 aromatic 
sorbents.
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Chapter 3 – SAMMs for water capture 
 
 
The application of water capture by Werner complexes is one which has not been 
previously described in literature. The adsorption of water by a molecular compound 
such as a Werner complex is expected to proceed via the formation of a hydrate. 
However, it is unknown whether this anhydrate-hydrate transition can be induced by 
water vapour and if it would be accompanied by a switching isotherm. This section of 
the project aims to explore these queries by the synthesis of Werner complexes with a 
hydrophilic design and measuring their water sorption isotherms on a Surface 
Measurement Systems DVS Intrinsic at 300 K. The main difference between DVS 
Intrinsic and the aforementioned DVS Vacuum stems from the ambient conditions 
which accompany a DVS Intrinsic measurement, aiming to imitate ambient pressure and 
air composition, with nitrogen as the carrier gas. Samples of the sorbent were first 
degassed in the oven at the correct temperature previously indicated by TGA. 
Approximately 10 mg of sample was loaded onto the pan for each experiment. Stepwise 
increase from 0 to 95% relative humidity (RH) was controlled by equilibrated weight 
changes of the sample (dm/dT = 0.05%/min).  
 
3.1   Reported Werner complex hydrates 
A CSD survey was carried out to find ligands that have been used in reported Werner 
complex hydrates by drawing a general structure with a metal centre (any metal) with 
the restriction ‘number of bonded atoms = 6’. Two of the bonded groups were set to 
‘any non-metal’ and the other four were drawn as pyridine rings coordinated to the metal 
via nitrogen on the ring with hydrogen atoms at the ortho positions. The final search 
was carried out with the option ‘combine queries’ and composed of the structure 
described above (Query 1) combined with a water molecule structure, i.e. an oxygen 
with the restriction ‘number of bonded atoms = 2’ bonded to two hydrogens (Query 2). 
The search resulted in 46 Werner complex hydrates after manually rejecting structures 
where the complex had a charge, was not discrete or possessed a centre with more than 
one metal atom. The first part of this study focuses on reported Werner complex 
hydrates found in the CSD. 
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3.1.1  [Co(NCS)2(4-hmp)4]  
[Co(NCS)2(4-hmp)4]•2H2O is a Werner complex hydrate reported in the CSD, with the 
refcode “GEHPIV” (4-hmp= 4-hydroxymethylpyridine). The apohost structure of this 
complex is also deposited in the database under the refcode “GEHPER”. There are four 
Werner complexes in total in the CSD that contain 4-hmp as a ligand; two hydrates and 
two apohosts. Their chemical formulae are [Co(NCS)2(4-hmp)4] and [Ni(NCS)2(4-
hmp)4] (refcodes: GEHPER, GEHPIV, HUGWAJ and HUGWEN). Synthesis of the 
−phase (anhydrate) of the Ni analogue was unsuccessful, as it adsorbed water very 
easily. The study was therefore continued with the Co variant (Figure 3.1a), for which 
the empty phase structure was synthesised according to the experimental procedure 
described in the literature.[71] The apohost [Co(NCS)2(4-hmp)4] packs in the 
orthorhombic space group P212121 with Z = 4 (Figure 3.1b). The intermolecular network 
 
Figure 3.1: a) Formula unit of [Co(NCS)2(4-hmp)4]; b) Crystal packing of [Co(NCS)2(4-hmp)4] 
with packing view in the crystallographic a direction; c) Formula unit of the hydrate [Co(NCS)2(4-
hmp)4]•2H2O, where the hydroxyl groups are disordered over two positions; d) Crystal packing of 
the hydrate with packing view in the direction of the crystallographic origin. Both structures were 
obtained from the CSD. Colour code: purple (Co), blue (N), grey (C), red (O), yellow (S). 
Hydrogens are omitted for clarity.  
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is bound by the H-bonds C–H···O, C–H···S, O–H···S and O–H···C. As a hydrate, the 
crystal structure of the complex possesses a much higher level of symmetry. The hydrate 
packs in the cubic space group Pn3-n (Z = 6) (Figure 3.1d). The water inclusion 
compound can be described as the −phase, as it holds water within one-dimensional 
channels.[52] The hydroxyl group of the ligand is disordered over two positions (Figure 
3.1c). Host-host interactions depend upon strong S···O intermolecular interactions 
between the sp2 hybridised sulphur and oxygen on the hydroxyl group.[72] Host-guest 
interactions comprise only one type of intermolecular force, the H-bond O–H···O.  
Once synthesised in powder form and characterised by PXRD (Appendix; Figure A26), 
[Co(NCS)2(4-hmp)4] was analysed on DVS Intrinsic to measure its water vapour 
isotherm (Figure 3.2). The isotherm displays a gradual transition between the anhydrate 
and hydrate phases. The total uptake at 90% RH is 4.5 wt% of water vapour. This 
corresponds to 1.5 water molecules; a number in close agreement with the theoretical 
two water molecules present in the structure deposited in the CSD. The full transition 
may not occur until a higher relative humidity between 90 – 100% RH. Water is not 
completely removed from the structure after desorption, with 0.5 wt% water present at 
0% RH. However, The PXRD of the sorbent after desorption matches that of “GEHPER” 
 
Figure 3.2: Water vapour isotherm of [Co(NCS)2(4-hmp)4], measured on DVS Intrinsic. 
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(Appendix; Figure A26), possibly signifying a full reversion to the anhydrous phase. 
The isotherm shape resembles a type F-III isotherm, which is indicative of a gradual 
structural change from non-porous to porous.[32] Indeed, a structural transition can be 
seen to occur at ca. 50% RH and it continues until the final RH of 90%. It was suspected 
that the gradual nature of the transformation may be caused by the rigidity of the axial 
ligand (–NCS) caused by sp2 hybridisation. In summary, [Co(NCS)2(4-hmp)4] does not 
have a switching, i.e. sudden transformation isotherm for water vapour, however a 
gradual closed-to-open structural transformation is evident.  
3.1.2   [CuCl2(4-ampy)4] 
The second Werner complex hydrate selected for the study was [CuCl2(4-ampy)4]•H2O 
(4-ampy = 4-aminopyridine). This hydrate can be identified by the refcode “YOCJOQ” 
in the CSD. The apohost of this Werner complex is not reported. In order to study the 
 
Figure 3.3: a) Formula unit of [CuCl2(4-ampy)4]; b) Crystal packing of [CuCl2(4-ampy)4] with 
packing view along the crystallographic a direction. Structure collected in-house; c) Formula unit 
of the hydrate [CuCl2(4-ampy)4]•H2O; d) Crystal packing of [CuCl2(4-ampy)4]•H2O with packing 
view along the crystallographic c direction Structure obtained from CSD. Colour code: orange (Cu), 
green (Cl), blue (N), grey (C), red (O). Hydrogens are omitted for clarity. 
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apohost to hydrate transition and sorption properties, the apohost was first synthesised. 
[CuCl2(4-ampy)4] was synthesised by dissolving 1 mmol anhydrous CuCl2 (134.5 mg) 
in 3 mL methanol dried over sodium sulphate and adding a 4 mmol 4-aminopyridine 
(376.4 mg) methanolic solution dropwise, while stirring at rt. After the addition of 4-
aminopyridine, a purple precipitate had formed. After stirring the solution overnight, 
the precipitate was separated from the dark green solution by filtration. The solution 
was left for slow evaporation and yielded purple crystals after 2 d. The PXRD of the 
purple precipitate matched the calculated PXRD of the crystals (Appendix; Figure A27), 
indicating that both comprise the Werner complex [CuCl2(4-ampy)4] which is only 
partially soluble in the volume of methanol used (ca. 9 mL).  
The −phase [CuCl2(4-ampy)4] packs in the monoclinic space group P21/c with Z = 4 
(Figure 3.3b). It consists of a copper metal centre, bonded to two trans-configurated 
chlorine atoms and four equatorial 4-aminopyridine ligands (Figure 3.3a). The 
intermolecular network (i.e. network of host molecules held together by intermolecular 
interactive forces) is composed of H-bonds comprising N–H···Cl and C–H···π 
interactions. The hydrate [CuCl2(4-ampy)4]•H2O contains one water molecule per unit 
formula (Figure 3.3c). The crystal packing exhibits a lower symmetry than the apohost, 
 
Figure 3.4: Water vapour sorption isotherm collected on DVS Intrinsic on the apohost 
[CuCl2(4-ampy)4]. Filled symbols represent adsorption, empty symbols represent 
desorption. 
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as it packs in the triclinic space group P-1. The monohydrate can be referred to as the 
−phase, due to the confinement of guest molecules between layers. Host-host 
interactions in the −phase retain the same interactions as in the −phase (N···Cl, N–
H···Cl and C–H···π) among others, including C–H···Cl and N–H···π. Host-guest 
interactions involve primarily H-bonding between the waters, chlorines and amino 
groups, i.e. O–H···Cl and N–H···O.  
A powder sample (ca. 40 mg) was analysed on DVS Intrinsic to investigate its water 
vapour sorption isotherm (Figure 3.4). It is evident that the sorbent did not respond to 
exposure to even 95% RH and did not switch to the open phase. It is possible that the 
crystal packing is too efficient in the −phase and water in the vapour phase does not 
possess enough energy to affect the packing of the complex. Indeed, [CuCl2(4-ampy)4] 
packs very efficiently, with a high crystal density of 1.442 g/cm3. It has been shown that 
molecules with a high packing index are less likely to form solvates.[70] Perhaps it is the 
small size of the ligand that causes the apohost to exhibit dense and efficient crystal 
packing. 
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3.1.3   [NiCl2(dmap)4] 
 
Figure 3.5: a) Formula unit of NiCl2(dmap)4; b) Crystal packing of NiCl2(dmap)4 with packing 
view in the crystallographic a direction; c) Formula unit of NiCl2(dmap)4.2H2O; d) Crystal packing 
of NiCl2(dmap)4 with packing view along the crystallographic a direction. Hydrogens are omitted 
for clarity. 
 
Figure 3.6: Water vapour sorption isotherm collected on DVS Intrinsic on the apohost 
NiCl2(dmap)4. Filled symbols represent adsorption, empty symbols represent desorption. 
The last reported Werner complex used for this section of the water capture study was 
[NiCl2(dmap)4] (dmap = dimethylaminopyridine). Both the apohost and hydrate phases 
are reported in the CSD (refcodes: DASGIQ, TUGTUM). This compound is unusual as 
the closed-phase and the water-containing open-phase exhibit identical crystal packing 
of the host and almost identical PXRD patterns (Appendix; Figure A28). Both complexes 
pack in the cubic space group Im3-m and possess identical unit cell dimensions. The 
crystal structures of both phases are both disordered over symmetry as seen in Figure 
3.5. As the PXRD patterns of both phases are the same, it was not possible to identify 
the phase by this method. However, TGA indicated an absence of guests and a thermal 
stability up to 150 °C (Appendix; Figure A29). However, the crystal structure of the 
anhydrate indicates a presence of empty voids, i.e. pores, hence, this phase is not a true 
−phase. The compound was then exposed to water vapour on DVS Intrinsic (Figure 
3.6). The isotherm exhibits a gradual uptake of water vapour with a total uptake of 6.5 
wt%. This number is in agreement with the crystal structure of the dihydrate as it 
corresponds to two water molecules. It is evident from the isotherm that switching has 
not occurred: however, it can be expected from a compound where the closed and open 
phases exhibit identical crystal p cking. The is therm resembles a typ  I, where a 
monolayer filling of a microporous solid occurs.[14] The channels where water molecules 
sit, are already present in the −phase, therefore no structural change is needed for water 
to be accommodated. Hysteresis is small, as seen in the 30% – 70% range. It appears that 
the higher water content during the desorption step is caused by water-water H-bonding. 





Figure 3.5: a) Formula unit of [NiCl2(dmap)4]; b) Crystal packing of [NiCl2(dmap)4] with 
packing view in the crystallographic a direction; c) Formula unit of [NiCl2(dmap)4]•2H2O; 
d) Crystal packing of [NiCl2(dmap)4] with packing view along the crystallographic a 
direction. Hydrogens are omitted for clarity. 
 
Figure 3.6: Water vapour sorption isotherm collected on DVS Intrinsic on the apohost 
[NiCl2(dmap)4]. Filled symbols represent adsorption, empty symbols represent desorption. 
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3.1.4  Reported hydrates: summary 
To summarise, the three reported apohost/hydrate pairs discussed in this section all 
presented interesting properties, which can contribute to the general understanding of 
the subject. The first compound, [Co(NCS)2(4-hmp)4] showed promise, as it exhibited 
an isotherm indicative of a closed-to-open structural transformation. However, the 
nature of the transition was gradual, therefore a sudden switching was not observed. It 
was speculated that the gradual nature may be caused by the rigidity of the axial 
couterion, NCS-. In the next section, the ligand 4-hmp will be explored with more 
dynamic axial ligands.  
The second compound, [CuCl2(4-ampy)4] showed no uptake of water vapour. This was 
observed despite the fact that the complex possesses a hydrate phase. It was theorised 
that the small size of the ligand may be causing a dense crystal packing system, which 
is too energetically stable for water vapour alone to interfere with and cause it to form 
a hydrate. Small ligands such as 4-ampy, 4-mepy and Py will be avoided in the next 
section, to prevent the formation of −phases with very high packing indexes, as they 
are less likely to form hydrates due to high stability. 
The third compound [NiCl2(dmap)4] showed a gradual filling of the empty channels of 
the microporous sorbent. A structural transformation did not occur in this instance as 
the crystal packing of the empty phase and the hydrate were identical, the only 
difference being the lack of water in the empty phase. Hence, the isotherm was not a 
‘flexible’ type, instead it resembled type I isotherm. In the next section, only true, dense 
−phases will be analysed on the DVS Intrinsic.  
The approach for the next section is to explore novel Werner complexes with substituted 
pyridine ligands and their hydrate phases and investigate their water vapour sorption 
properties. From the water sorption isotherms collected on the three known compounds 
in this section, it was decided that the novel Werner complexes should possess (i) 
flexible ligands, e.g. axial ligands which bond to the metal via a singly bonded oxygen, 
or halides, (ii) no small ligands such as 4-ampy, 4-mepy or Py to prevent −phases with 
very high packing indexes and (iii) water sorption isotherms should be collected on the 
densely packed, non-porous −phase of the complex. This approach aims to facilitate a 
sudden closed-to-open structural transition, which would be represented by a type F-IV, 
i.e. switching water vapour isotherm. 
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3.2  Novel SAMMs for water capture 
3.2.1  SAMM-5-Cu-OH  
The ligand from subsection 3.1.1, i.e. 4-hmp was reacted with Cu(NO3)2.3H2O to obtain 
the Werner complex [Cu(NO3)2(4-hmp)4]. This metal salt was chosen as nitrate groups 
bond weakly to metals and it was also expected to introduce additional hydrophilic 
character by the presence of more H-bond donors than the thiocyanate group. It was 
theorised that the weak M–O bond may make the complex more flexible and enable a 
sudden closed-to-open structural transition.[62] However, the attempt at the synthesis of 
[Cu(NO3)2(4-hmp)4] was unsuccessful. The nitrate groups were replaced by hydroxide 
(OH-) anions, resulting in the formation of a hydrate with the chemical formula 
[Cu(OH)2(4-hmp)4]. The experiment was continued with this Werner complex, as it 
fulfilled the initial requirements, i.e. weak M–O axial bond was present and the complex 
was hydrophilic. 
The new Werner complex [Cu(OH)2(4-hmp)4] was synthesised by reacting an aqueous 
solution of copper nitrate trihydrate with a methanol solution of 4-hmp in a 1:4 ratio at 
rt, while stirring. The resulting blue powder was filtered and dried. Single crystals were 
isolated by recrystallising the powder in ethanol and layering the solution with hexane. 
The compound exhibits disorder by symmetry: the hydroxyl groups are disordered over 
four configurations with occupancy 0.25 and two carbons on the pyridine ring are 
disordered over two configurations with occupancy 0.5. The guest water molecules are 
also disordered and could not be adequately modelled (Figure 3.7a). The complex packs 
 
Figure 3.7: a) Formula unit of [Cu(OH)2(4-hmp)4]; b) Crystal packing of [Cu(OH)2(4-
hmp)4]. Colour code: orange (Cu), grey (C), blue (N), red (O). Hydrogens are omitted for 
clarity. 
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in the body-centred cubic space group Im-3m with Z = 1 (Figure 3.7b). Host-guest 
interactions depend on O–H···O H-bonding between the hydroxy groups of 4-hmp and 
water molecules. Crystals of the −phase are needle-shaped and their size was too small 
to obtain sufficiently good crystal data.  
It is worthy of noting that since there are no oppositely-charged ions in the crystal 
structure, Cu is unlikely to be coordinated to water molecules to comprise the cation 
[Cu(H2O)2(4-hmp)4]
2+. Instead, it is far more likely that the complex is neutrally 
charged with hydroxide counterions coordinated to the metal via a trans configuration. 
If the complex was positively charged, the heating and subsequent water adsorption 
would have been classified as chemisorption; however, in reality the adsorption-
desorption process is reversible (Figure A30), which strongly suggests that water 
sorption occurs by physisorption. 
The complex was kept in an oven at 85 °C for 24h prior to analysis by DVS Intrinsic to 
ensure the removal of any uncoordinated water molecules. TGA indicates that heating 
at this temperature achieves a loss of guests present in the structure (Appendix; Figure 
A31). The powder sample was then exposed to water vapour in the DVS Intrinsic and 
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The isotherm exhibits a gate-opening at ca. 60% RH and the total water vapour uptake 
at 90% RH is 12.6 wt %, corresponding to ca. four water molecules per unit formula. 
The working capacity of the material is limited by large hysteresis and incomplete 
desorption at 0% RH, with ca. 2.5 wt% of water remaining. This is the first example of 
a Werner complex with a switching sorption isotherm for water vapour and will be 
referred to as SAMM-5-Cu-OH (5 = 4-hmp).  
 
3.2.2  SAMM-6-Ni-NO3 
The synthesis of a Werner complex with axial NO3 ligands was also attempted with the 
ligand 3,5-dibromopyridine (dbp). The synthesis was carried out by dissolving 0.5 mmol 
Ni(NO3)2.6H2O (145.5 mg) in 2 ml acetonitrile and 2 mmol dbp (473.8 mg) in 2 ml 
chloroform. The clear, blue solution was left stirring at 45 °C for five hours. After that 
time, the temperature was reduced to rt and the reaction was left stirring overnight. A 
pale blue precipitate formed. The precipitate was filtered and the resulting blue solution 
was left for slow evaporation. After 3 d, blue crystals formed at the bottom of the vial. 
The crystals were analysed by single crystal XRD to elucidate the structure of the 
octahedral −phase metal-organic complex with a nickel centre, bonded to two water 
molecules, two NO3 groups and two dbp ligands (Figure 3.9a). The complex packs in 
the monoclinic space group P 21/n with Z = 2 and no guests present (Figure 3.9b). The 
synthesis of this complex was repeated in the presence of water to obtain the hydrate; 
however, the resulting needle crystals were too small and brittle to collect crystal 
structure data. 
The calculated PXRD of the single crystal structure matches the experimental PXRD of 
the pale blue precipitate formed during the reaction, indicating that the compound is 
only partially soluble in the 50:50 meCN/CHCl3 reaction solvent mixture (Appendix; 
Figure A32).  
Due to the coordination of water molecules, the complex is characterised by a low 
thermal stability. TGA indicates the compound is stable until only ca. 75 °C (Appendix; 
Figure A33). Between 75 and 115 °C, the complex exhibits a weight loss of ca. 6 %, 
which corresponds to the weight of two water molecules.  
 












After the characterisation of the bulk powder, the water uptake of the compound was 
analysed on a DVS Intrinsic. The isotherm shows a water uptake of 38 wt% at ca. 85% 
RH (Figure 3.10). The isotherm can be classified as type F-IV due to the sudden closed-
to-open transformation seen from the shape of the isotherm. There is a small hysteresis, 
which is unusual, as most SAMMs exhibit a large hysteresis. Water vapour is fully 
desorbed at ca. 70% RH. An error has occurred during sorption and it is possible that 
 
Figure 3.9: a) Formula unit of [Ni(H2O)2(NO3)2(dbp)2]; b) Crystal packing with view in the 
crystallographic a direction. Colour code: green (Ni), red (O), blue (N), grey (C), gold (Br). 
 
Figure 3.10: Water vapour isotherm on the new switching Werner complex SAMM-6-Ni-NO3 
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some sample was lost during the process, as the weight of the sample falls below 0 (ca. 
-4 wt%). The experiment was repeated by placing the sample into a small aluminium 
pan prior to data collection, however there was no improvement. PXRD analysis 
indicated that the complex post one sorption cycle does not match that of the −phase 
sample prior to DVS analysis. However, after heating overnight at 60 °C, the PXRD 
reverts to the original phase as the PXRD matches the calculated PXRD of the structure 
and the experimental PXRD prior to water vapour exposure in the DVS (Appendix; 
Figure A34). This is a fair indication that water was not completely expelled from the 
structure during the desorption step and that additional heating was required to regain 
the −phase. Among all switching Werner complexes, herein abbreviated as SAMMs, 
this mixed-ligand complex will be termed SAMM-6-Ni-NO3 (6 = 2dbp, 2H2O). 
3.2.3   SAMM-7-Cu-NO3 
In this experiment, the ligand 3,5-dibromopyridine was reacted with anhydrous 
Cu(NO3)2 (dried on Celite with ca. 30% loading) in solvents dried over Na2SO4 to 
remove moisture. 0.5 mmol of Cu(NO3)2 (122 mg) was dissolved in acetone and left to 
stir at 45 °C. The ligand dbp was used in excess in a 1:8 ratio, hence 4 mmol (947.6 mg) 
was dissolved in chloroform and added dropwise to the stirring metal salt solution. The 
reaction was left to stir at 45 °C overnight. The next day, it was filtered to remove the 
Celite. The resulting blue solution was left for slow evaporation and some large, blue 
crystals were isolated after ca. 24h.  
[Cu(NO3)2(dbp)2] retains its octahedral geometry despite only being coordinated to two 
ligands (Figure 3.11a). This happens due to the nitrate ions chelating copper. In this case, 
 
Figure 3.11: a) Formula unit of [Cu(NO3)2(dbp)2]; b) Crystal packing of [Cu(NO3)2(dbp)2] with 
packing view in the crystallographic c direction. Colour code: orange (Cu), red (O), blue (N), grey 
(C), gold (Br). Hydrogens are omitted for clarity. 
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the nitrate counterions can be described as occupying equatorial positions, while the two 
dbp ligands are in trans geometry. The stoichiometry of ligand to Cu(NO3)2 is 2:1. It is 
evident that a 4:1 stoichiometry is not favourable, even when the ligand is present in 
large excess during synthesis. This is likely due to the position of bromines on the 
substituted pyridine ring, which may be causing either a high level of repulsion between 
the highly electronegative atoms or steric hindrance. 
[Cu(NO3)2(dbp)2] packs in the triclinic space group P-1 with Z = 2 (Figure 3.11b). 
Host-host intermolecular interactions comprise C–H···O and C–H···Br H-bonds. When 
analysed, on the DVS Intrinsic (Figure 3.12), it was evident that the compound exhibits 
sudden, closed-to-open switching. Switching does not occur until a high relative 
humidity (>80% RH) with a total uptake of 13 wt%. There is a high level of hysteresis 
as full desorption does not occur until ca. 20% RH. This may be caused by strong water-
water interactions in the clathrate. This isotherm makes [Cu(NO3)2(dbp)2] the seventh 
Werner complex shown to exhibit switching and the third instance of such behaviour 
induced by water vapour. This switching molecular complex can be referred to as 
SAMM-7-Cu-NO3.  
 
Figure 3.12: Water vapour sorption isotherm for SAMM-7-Cu-NO3. Data collected on DVS 
Intrinsic. 
Chapter 3                                                                         SAMMs for water capture 
59 
 
3.2.4   Novel SAMMs for water capture: summary 
All three SAMMs studied in section 3.2, namely SAMM-5-Cu-OH, SAMM-6-Ni-NO3 
and SAMM-7-Cu-NO3, exhibited a sudden, closed-to-open switching property for 
water, as shown by their sorption isotherms. This was an unexpected result as none of 
the reported Werner complexes studied in section 3.1 exhibited switching. However, the 
main difference between the compounds in section 3.1 and section 3.2 are the trans axial 
ligands. The reported Werner complexes possessed the rigid axial counterion NCS - as 
well as Cl- counterions, which resulted in complexes with the strong Cu–Cl ionic bond 
(293.7 kJ/mol).[73] Conversely, the axial ligands in section 3.2 depended on the M–O 
bond (M = Cu, Ni), which may be weakened due to Jahn-Teller effect. This bond, which 
is in a constant dynamic state can be temperature controlled to ‘flip’ from one position 
to another.[62] It is therefore highly possible that the same effect can be achieved by a 
change in relative pressure, i.e. relative humidity. This would allow the complex to 
assume a new position and enable a closed-to-open structural transformation between 
an apohost and a hydrate.  
The compounds SAMM-5-Cu-OH and SAMM-7-Cu-NO3 exhibit a high level of 
hysteresis in their water sorption isotherms. In terms of their hysteresis, SAMM-7-Cu-
NO3 is better-performing as the desorption step results in full reversion to the −phase, 
as indicated by the lack of uptake in the relative humidity range 20 – 0 % RH on 
desorption. On the other hand, water is not fully desorbed by SAMM-5-Cu-OH, even 
at 0% RH, due to possible strong guest-gust interactions within the clathrate. It has been 
shown that SAMM-5-Cu-OH requires additional heating to fully remove guest water 
molecules and revert the complex to the −phase. 
The compound SAMM-6-Ni-NO3 exhibits the best water capture performance, in terms 
of both uptake and hysteresis. Featuring an uptake of 38 wt%, this SAMM exhibits the 
highest uptake capacity out of the compounds studied, and it also presents the lowest 
hysteresis. All of the SAMMs studied for water capture are characteristic in that they 
retain the −phase at low (0-50%) relative humidity, while switching to hydrate phases 
at a high relative humidity.  
The capture of water vapour by SAMMs is currently an unexplored subject in the field 
of metal-organic materials. However, the findings presented in this chapter show great 
promise for the expansion of this topic if more variants are synthesised and their water 
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sorption properties are investigated. The ease of synthesis and a plethora of various 
ligands to choose from, would make this an interesting crystal engineering study for a 
new platform of materials.
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4.  Conclusions / Future Directions 
The work described herein presented a new family of adsorbent metal-organic materials 
with a tendency to exhibit ‘closed to open’ switching upon exposure to external stimuli. 
As the compounds possess discrete dimensionality, they can be described as ‘molecular’, 
hence the name Switching Adsorbent Molecular Materials, SAMMs. The compounds 
have been evaluated in terms of their performance as (i) C8 aromatic hydrocarbon 
sorbents and (ii) water sorbents. In both cases, the properties of structurally related 
variants have been compared and some preliminary hypotheses have been formed based 
on the collected results.  
One recurring finding throughout this work has been that closed-phase complexes with 
a high packing index are much less likely to form clathrates than complexes with a low 
packing index. This has previously been described in literature in relation to solvate 
formation with organic hosts.[70] Consequently, it was found that ligands with too much 
flexibility, like 4-benzylpyridine may possibly hinder clathration through the formation 
of densely packed, efficient −phase crystal systems, however a definite conclusion of 
this theory cannot be made without also studying the electronic properties of the ligands 
to determine the interactions between adjacent complexes. Perhaps future studies can 
look at both of these aspects together to draw more accurate conclusions.  
It was hypothesised that the ligand 4-phenylpyridine possesses exactly the right amount 
of flexibility to facilitate clathrate formation accompanied by high selectivity in the C8 
sorbents SAMM-3-Ni-NCS and SAMM-3-Cu-OTf due to its torsional flexibility. A 
future ligand-screening experiment with similar ligands could identify more variants 
with different levels of torsional flexibility. This may lead to the establishment of a 
structure-property relationship, whereby the degree of the ligand’s torsional adaptability 
is linked to the ubiquity of clathrate formation. 
Overall, SAMMs have been found to be efficient sorbents, capable of multiple 
consecutive sorption cycles, i.e. recycling. The experimental work carried out in this 
project has shown that SAMM-3-Ni-NCS and SAMM-3-Cu-OTf do not deteriorate in 
performance after five consecutive sorption cycles. Furthermore, it is believed that they 
can undergo many more due to their molecular nature and little mechanical strain 
exerted on the components. Exposing SAMMs to >100 sorption cycles would be the 
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next logical step to better understand their sorption cycling properties. This would 
enable us to draw comparisons between the sorption cycling properties of SAMMs and 
other sorbent classes.  
The structural modification of SAMM-3-Ni-NCS, where the Ni(NCS)2 salt was 
replaced with Cu(OTf)2
 to form SAMM-3-Cu-OTf, resulted in significant changes to 
the C8 selectivity and uptake of the sorbent. Future reports could synthesise new variants 




others. As reported by Nakamura et al.,[69] fluorine-functionalised coordination 
polymers can offer specific adsorption sites for guest molecules as well as flexibility to 
the host materials. The synthesis of a platform of fluorine-functionalised SAMMs could 
greatly contribute to the current knowledge on fluorine-functionalised metal-organic 
materials. 
This thesis presented an insight into some preliminary testing of the performance of 
SAMMs as water sorbents. It was found that SAMMs with rigid counterion ligands like 
NCS- may result in gradual ‘closed to open’ transformations, indicative of a slow 
transition from the closed to the open phase. Conversely, SAMMs with the dynamic 
trans axial ligands bonded through a single oxygen bond like NO3
- or H2O, have been 
shown to facilitate a sudden ‘closed to open’ switching, or a type F-IV isotherm. Further 
studies could focus on finding other weakly-bonded / flexible counterions, which 
produce a similar effect upon water sorption in Werner complexes. Such study could 
also construct a library of hydrophilic ligands suitable for SAMM water sorbents.  
As a final remark, it is interesting to point out that both applications discussed in this 
thesis, i.e. C8 isomer separation and water capture, involve vapour sorption by SAMMs, 
rather than gas sorption. The investigation of gas sorption by SAMMs with gases such 
as carbon dioxide, acetylene, ethylene or methane, could identify other useful 
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Figure A1: Asymmetric unit of SAMM-3-Cu-OTf (−phase). The four distinct Cu–O 
distances are labelled in green beside each respective bond.  
 
Figure A2: Torsion angles of the ligands in the two crystallographically independent 






Figure A3: a) C–H··· π intermolecular bond with a distance of 2.775 Å. Considering the 
van der Waals radii of the interacting atoms, this H-bond appears to be dependent on the 
torsion angle of the phenyl ring; b) C–H··· O intermolecular bond with a distance of 2.436 
Å. This bond also looks reliant on the torsion angle of the interacting phenyl ring.  
 









Type of interaction Atoms Distance (Å) 
C-H⋯O 
C2 – O2’ 3.346(8) 
C7 – O3’ 3.322(10) 
C30 – O3’ 3.528(11) 
C-H ⋯F C31 – F3’ 3.395(11) 
C-H ⋯π 
C2’ – C30 3.530(9) 
C10’ – C35’ 3.496(8) 
Table A1: List of interactions governing the closed (−) phase SAMM-3-Cu-OTf. 
 










Type of interaction Atoms Distance (Å) 
C-H ⋯F 
C58 – F6 3.354(7) 
C76 – F6 3.539(6) 
C75 – F1 3.358(7) 
C-H ⋯O C74 – O3 3.541(7) 
C-H ⋯π 
C33 – C53  3.473(6) 
C7 – C64 3.558(6) 
C2 – C68 3.452(6) 
C70 – C15 3.817(8) 
C13 – C74 3.661(12) 
Table A2: List of interactions observed in SAMM-3-Cu-OTf•4OX. 
 
Figure A6:  Thermogravimetric patterns of −phase SAMM-3-Cu-OTf samples soaked in 






Figure A7: Sorption isotherms of SAMM-3-Cu-OTf with the vapours of OX (blue), MX 
(green), PX (red) and EB (purple). Filled symbols represent adsorption, whereas empty 
symbols represent desorption. The data was obtained on a Vacuum DVS. 
 
Figure A8: Comparison of SAMM-3-Cu-OTf particle surface in the 5 µm range, before 
DVS measurement (left) and after five DVS OX cycles (right). 
 
Figure A9: SEM of SAMM-3-Cu-OTf in the 20 µm range, showing possible reduction in 






Figure A10: Magnified 1H NMR spectrum for the methyl groups of PX ( = 2.31) and OX 
( = 2.27) in SAMM-3-Cu-OTf, post equimolar OX/PX vapour exposure. Three separate 
experiments were conducted under identical conditions to obtain the average selectivity 
value. 
 
Figure A11: Magnified 1H NMR spectrum for the methyl groups of MX (chemical shift,  
= 2.33/2.32) and OX ( = 2.27) in SAMM-3-Cu-OTf, post equimolar OX/MX vapour 
exposure. Three separate experiments were conducted under identical conditions to obtain 






Figure A12: Magnified 1H NMR spectrum for the methyl groups of EB (triplet) and OX 
(singlet) in SAMM-3-Cu-OTf, post exposure to an equimolar OX/EB vapour. The methyl 






Figure A13: 1H NMR spectrum of SAMM-3-Cu-OTf, post exposure to an equimolar 
MX/PX vapour.  
 
Figure A14: 1H NMR spectrum of SAMM-3-Cu-OTf, post exposure to an equimolar 
MX/EB vapour.  
 
Figure A15: 1H NMR spectrum of SAMM-3-Cu-OTf, post exposure to an equimolar 






Figure A16: Magnified 1H NMR spectrum for the methyl groups of MX ( = 2.33) and OX 
( = 2.27) in a sample of SAMM-3-Cu-OTf soaked in an equimolar OX/MX liquid mixture.  
 
Figure A17: Magnified 1H NMR spectrum for the methyl groups of PX ( = 2.32) and OX 







Figure A18: Magnified 1H NMR spectrum for the methyl groups of EB (triplet) and OX 
(singlet) in a sample of SAMM-3-Cu-OTf soaked in an equimolar OX/EB liquid mixture. 






Figure A19: Performance comparison of SAMM-3-Cu-OTf against other OX-selective 
sorbents based on uptake and OX/MX, OX/PX and OX/EB selectivity values. The red shape 
represents SAMM-3-Cu-OTf, whereas the black shapes represent other sorbents reported 
in literature. The list of sorbents is given in Table A3. Uptake capacities and selectivity 









5 MIL-47 (V) 
6 Co2(dobdc) 
7 MIL-53 (Fe) 
8 UiO-66 




13 MIL-53 (Ga) 
14 MIL-53 (Cr) 
Table A3: List of sorbents sorted by their corresponding numbers on the three graphs 










CAU-13 84 17.0 1.9 1.5 - 
CPO-27-Ni 81 20.1 1.7 3.3 - 
Zn(BDC)(Dabco)0.5 
79 25.0 1.1 1.9 1.6 
HKUST-1 81 29.7 1.1 1.2 - 
MIL-47 (V) 74,75 35.0 2 1.4 10.9 
Co2(dobdc) 
82 38.2 2.5 3.9 1.2 
MIL-53 (Fe) 77 39.0 1.6 2.53 - 
UiO-66 80 42.4 1.8 2.4 - 
MIL-53 (Al) 76,77 46.0 2.7 3.5 10.9 
sql-1-Co-NCS 85 87.0 7.5 9.6 60.1 
Ni(NCS)2(ppp)4 
83 29.0 34.2 40.5 - 




MIL-53 (Ga) 77 37.1 - - 4.7 
MIL-53 (Cr) 77 42.4 - - 4.9 
Table A4: List of sorbents included in Figure A19 with their respective OX selectivities and 
saturation capacities in weight %. 
* Selectivity values for materials in tables A3 and A4 were reproduced from references 73-84 
listed in section “Appendix references”. In each case, the highest OX selectivity value reported 
for that material was chosen, regardless of whether the experiment was conducted with guest 
in liquid or vapour phase.  
 
Figure A20: a) Formula unit of [Ni(NCS)2(4-bePy)4]; b) Crystal packing of the −phase 
Werner complex [Ni(NCS)2(4-bePy)4] with packing view in the crystallographic b direction; 
c) PXRD analysis of C8-soaked samples to investigate potential clathrate formation. From 
bottom: calculated [Ni(NCS)2(4-bePy)4], experimental −phase [Ni(NCS)2(4-bePy)4], 






Figure A21:  Thermogravimetric patterns of [Ni(NCS)2(im)4] samples soaked in OX 
(black), MX (red), PX (blue) and EB (pink). 
 
Figure A22:  Thermogravimetric patterns of [Ni(NCS)2(Py)4] samples soaked in OX 




















Figure A23: Thermogravimetric patterns of [Cu(OTf)2(im)4] samples soaked in OX 









Figure A25: a) Asymmetric unit of [Ni(NCS)2(phIm)4] with ligand torsion angles shown 
in green; b) Asymmetric unit of [Ni(NCS)2(4-phPy)4] with ligand torsion angles shown in 
green. 
 
Figure A26: PXRD patterns of calc. anhydrous [Co(NCS)2(4-hmp)4] “GEHPER” (black), 
exp. PXRD of [Co(NCS)2(4-hmp)4] powder (red) and PXRD of the powder post desorption 






Figure A27: Calculated PXRD pattern of [CuCl2(4-ampy)4] (black), experimental PXRD 
of the precipitate isolated during synthesis (red), experimental PXRD of the powder sample 
post one water sorption cycle on the DVS. 
 
Figure A28: PXRD patterns of the −phase Werner complex [NiCl2(dmap)4] (refcode: 







Figure A29: TGA pattern of the Werner complex [NiCl2(dmap)4]. 
 
Figure A30: PXRD patterns of [Cu(OH)2(4-hmp)4] before exposure to water vapour on 







Figure A32: PXRD patterns of calc. [Ni(H2O)2(NO3)2(dbp)2] (black) and the 






Figure A34: PXRD patterns of [Ni(H2O)2(NO3)2(dbp)2] (calc.) (green), exp. PXRD of the 
bulk powder (red), exp. PXRD post 1 H2O sorption cycle (blue) and exp. PXRD of the 
sample post 1 H2O sorption cycle heated at 60 °C (black). 
 








2+•OTf -  
Identification code  [Co(H2O)2(4-phPy)4]
2+•OTf -  
Empirical formula  C45H40CoF3N4O5S  
Formula weight  864.79  
Temperature/K  150.01  
Crystal system  monoclinic  
Space group  C2/c  
a/Å  19.920(6)  
b/Å  9.364(2)  
c/Å  26.317(7)  
α/°  90  
β/°  105.542(13)  
γ/°  90  
Volume/Å3  4730(2)  
Z  8  
ρcalcg/cm
3  1.4238  
μ/mm-1  0.531  
F(000)  2087.6  
Crystal size/mm3  0.45 × 0.32 × 0.19  
Radiation  Mo Kα (λ = 0.71076)  
2Θ range for data collection/°  5.48 to 69.94  
Index ranges  -32 ≤ h ≤ 31, -14 ≤ k ≤ 14, -41 ≤ l ≤ 42  
Reflections collected  42878  
Independent reflections  9301 [Rint = 0.0170, Rsigma = 0.0156]  
Data/restraints/parameters  9301/0/304  
Goodness-of-fit on F2  1.038  
Final R indexes [I>=2σ (I)]  R1 = 0.0470, wR2 = 0.1347  
Final R indexes [all data]  R1 = 0.0557, wR2 = 0.1510  










Identification code  [Co(OTf)2(4-phPy)4]•4OX 
Empirical formula  C78H76CoF6N4O6S2  
Formula weight  1402.47  
Temperature/K  150.0  
Crystal system  triclinic  
Space group  P-1  
a/Å  10.458(4)  
b/Å  13.107(5)  
c/Å  15.056(6)  
α/°  72.79(2)  
β/°  70.025(18)  
γ/°  68.207(15)  
Volume/Å3  1766.8(12)  
Z  1  
ρcalcg/cm
3  1.318  
μ/mm-1  0.374  
F(000)  733.0  
Crystal size/mm3  0.23 × 0.44 × 0.35  
Radiation  MoKα (λ = 0.71076)  
2Θ range for data collection/°  5.846 to 57.426  
Index ranges  -14 ≤ h ≤ 14, -17 ≤ k ≤ 17, -20 ≤ l ≤ 20  
Reflections collected  34128  
Independent reflections  9000 [Rint = 0.0241, Rsigma = 0.0244]  
Data/restraints/parameters  9000/0/443  
Goodness-of-fit on F2  1.029  
Final R indexes [I>=2σ (I)]  R1 = 0.0382, wR2 = 0.0935  
Final R indexes [all data]  R1 = 0.0505, wR2 = 0.1013  













Identification code SAMM-3-Cu-OTf_alpha 
Empirical formula C46H36CuF6N4O6S2 
Formula weight 982.45 
Temperature/K 150.0 
Crystal system triclinic 













Crystal size/mm3 0.45 × 0.45 × 0.38 
Radiation MoKα (λ = 0.71076) 
2θ range for data collection/° 4.95 to 59.204 
Index ranges -16 ≤ h ≤ 16, -18 ≤ k ≤ 18, -21 ≤ l ≤ 21 
Reflections collected 53982 
Independent reflections 24095 [Rint = 0.0409, Rsigma = 0.0667] 
Data/restraints/parameters 24095/3/1173 
Goodness-of-fit on F2 1.042 
Final R indexes [I>=2σ (I)] R1 = 0.0636, wR2 = 0.1659 
Final R indexes [all data] R1 = 0.0745, wR2 = 0.1720 
Largest diff. peak/hole / e Å-3 1.99/-0.74 












Identification code SAMM-3-Cu-OTf•4OX 
Empirical formula C78H76CuF6N4O6S2 
Formula weight 1407.08 
Temperature/K 155 
Crystal system triclinic 













Crystal size/mm3 0.32 × 0.23 × 0.16 
Radiation CuKα (λ = 1.54184) 
2θ range for data collection/° 7.354 to 133.404 
Index ranges -12 ≤ h ≤ 12, -15 ≤ k ≤ 15, -34 ≤ l ≤ 34 
Reflections collected 44664 
Independent reflections 12127 [Rint = 0.0397, Rsigma = 0.0390] 
Data/restraints/parameters 12127/0/899 
Goodness-of-fit on F2 1.067 
Final R indexes [I>=2σ (I)] R1 = 0.0609, wR2 = 0.1666 
Final R indexes [all data] R1 = 0.0690, wR2 = 0.1883 













Identification code SAMM-3-Cu-OTf•OX/MX 
Empirical formula C78H76CuF6N4O6S2 
Formula weight 1407.08 
Temperature/K 150 
Crystal system triclinic 













Crystal size/mm3 0.41 × 0.35 × 0.31 
Radiation MoKα (λ = 0.71076) 
2θ range for data collection/° 5.634 to 57.39 
Index ranges -13 ≤ h ≤ 13, -17 ≤ k ≤ 17, -20 ≤ l ≤ 20 
Reflections collected 37311 
Independent reflections 9116 [Rint = 0.0236, Rsigma = 0.0221] 
Data/restraints/parameters 9116/0/502 
Goodness-of-fit on F2 1.035 
Final R indexes [I>=2σ (I)] R1 = 0.0617, wR2 = 0.1599 
Final R indexes [all data] R1 = 0.0747, wR2 = 0.1708 













Identification code  [Cu(OTf)2(4-bePy)4] 
Empirical formula  C50H44CuF6N4O6S2  
Formula weight  1037.67  
Temperature/K  150.0  
Crystal system  triclinic  
Space group  P-1  
a/Å  10.804(4)  
b/Å  13.922(6)  
c/Å  17.092(6)  
α/°  67.483(18)  
β/°  86.684(14)  
γ/°  86.223(18)  
Volume/Å3  2368.3(16)  
Z  2  
ρcalcg/cm
3  1.395  
μ/mm-1  0.625  
F(000)  983.0  
Crystal size/mm3  0.40 × 0.14 × 0.25  
Radiation  MoKα (λ = 0.71076)  
2Θ range for data collection/°  5.868 to 57.372  
Index ranges  -14 ≤ h ≤ 14, -18 ≤ k ≤ 18, -23 ≤ l ≤ 23  
Reflections collected  46829  
Independent reflections  12120 [Rint = 0.0238, Rsigma = 0.0237]  
Data/restraints/parameters  12120/0/622  
Goodness-of-fit on F2  0.932  
Final R indexes [I>=2σ (I)]  R1 = 0.0373, wR2 = 0.0981  
Final R indexes [all data]  R1 = 0.0458, wR2 = 0.1054  













Identification code  [Ni(NCS)2(im)4] 
Empirical formula  C14H16N10NiS2  
Formula weight  446.83 
Temperature/K  150.0  
Crystal system  monoclinic  
Space group  P21/c  
a/Å  15.373(3)  
b/Å  15.373(3)  
c/Å  16.352(3)  
α/°  90.00(3)  
β/°  90.00(3)  
γ/°  90.00(3)  
Volume/Å3  3864.3(13)  
Z  1  
ρcalcg/cm
3  1.537  
μ/mm-1  1.242  
F(000)  1840.0  
Crystal size/mm3  0.21 × 0.37 × 0.18  
Radiation  MoKα (λ = 0.71076)  
2Θ range for data collection/°  6.236 to 67.406  
Index ranges  -23 ≤ h ≤ 20, -22 ≤ k ≤ 17, -22 ≤ l ≤ 24  
Reflections collected  30207  
Independent reflections  7818 [Rint = 0.0236, Rsigma = 0.0464]  
Data/restraints/parameters  7818/0/487  
Goodness-of-fit on F2  1.052  
Final R indexes [I>=2σ (I)]  R1 = 0.0305, wR2 = 0.0790  













Identification code  [Cu(OTf)2(im)4] 
Empirical formula  C14H16CuF6N8O6S2  
Formula weight  634.00  
Temperature/K  150.0  
Crystal system  monoclinic  
Space group  P21/n  
a/Å  8.964(3)  
b/Å  9.407(3)  
c/Å  14.515(5)  
α/°  90  
β/°  105.966(9)  
γ/°  90  
Volume/Å3  1176.7(6)  
Z  4  
ρcalcg/cm
3  1.789  
μ/mm-1  1.203  
F(000)  638.0  
Crystal size/mm3  0.42 × 0.21 × 0.32  
Radiation  MoKα (λ = 0.71076)  
2Θ range for data collection/°  6.412 to 64.102  
Index ranges  -13 ≤ h ≤ 13, -13 ≤ k ≤ 13, -21 ≤ l ≤ 21  
Reflections collected  21178  
Independent reflections  3926 [Rint = 0.0321, Rsigma = 0.0277]  
Data/restraints/parameters  3926/0/169  
Goodness-of-fit on F2  1.023  
Final R indexes [I>=2σ (I)]  R1 = 0.0318, wR2 = 0.0713  
Final R indexes [all data]  R1 = 0.0459, wR2 = 0.0783  













Identification code  [Ni(NCS)2(phIm)4] 
Empirical formula  C38H32N10NiS2  
Formula weight  751.56  
Temperature/K  150.0  
Crystal system  triclinic  
Space group  P-1  
a/Å  9.881(3)  
b/Å  12.766(4)  
c/Å  16.575(4)  
α/°  68.010(6)  
β/°  77.593(8)  
γ/°  67.820(7)  
Volume/Å3  1788.6(8)  
Z  2  
ρcalcg/cm
3  1.396  
μ/mm-1  0.703  
F(000)  780.0  
Crystal size/mm3  0.31 × 0.27 × 0.37  
Radiation  MoKα (λ = 0.71076)  
2Θ range for data collection/°  5.386 to 55.816  
Index ranges  -12 ≤ h ≤ 12, -16 ≤ k ≤ 16, -21 ≤ l ≤ 21  
Reflections collected  36795  
Independent reflections  8472 [Rint = 0.0300, Rsigma = 0.0292]  
Data/restraints/parameters  8472/0/463  
Goodness-of-fit on F2  1.021  
Final R indexes [I>=2σ (I)]  R1 = 0.0329, wR2 = 0.0708  
Final R indexes [all data]  R1 = 0.0467, wR2 = 0.0766  













Identification code  [Ni(NCS)2(beIm)4] 
Empirical formula  C42H40N10NiS 2 
Formula weight  864.44 
Temperature/K  150.0  
Crystal system  triclinic  
Space group  P-1  
a/Å  8.6444(4)  
b/Å  10.1140(8)  
c/Å  11.6450(6)  
α/°  73.052(4)  
β/°  80.036(4)  
γ/°  87.309(5)  
Volume/Å3  959.20(10)  
Z  2  
ρcalcg/cm
3  1.496  
μ/mm-1  2.182  
F(000)  431.0  
Crystal size/mm3  0.35 × 0.42 × 0.22  
Radiation  CuKα (λ = 1.54184)  
2Θ range for data collection/°  8.05 to 145.314  
Index ranges  -10 ≤ h ≤ 10, -11 ≤ k ≤ 12, -14 ≤ l ≤ 14  
Reflections collected  37024  
Independent reflections  3764 [Rint = 0.0670, Rsigma = 0.0305]  
Data/restraints/parameters  3764/0/296  
Goodness-of-fit on F2  1.060  
Final R indexes [I>=2σ (I)]  R1 = 0.0466, wR2 = 0.1305  
Final R indexes [all data]  R1 = 0.0502, wR2 = 0.1356  













Identification code  [CuCl2(4-ampy)4] 
Empirical formula  C20H24Cl2CuN8  
Formula weight  510.45 
Temperature/K  298.0  
Crystal system  monoclinic  
Space group  P21/n  
a/Å  9.802(4)  
b/Å  14.105(6)  
c/Å  17.284(8)  
α/°  90  
β/°  99.912(10)  
γ/°  90  
Volume/Å3  2353.9(18)  
Z  4  
ρcalcg/cm
3  0.114  
μ/mm-1  0.252  
F(000)  78.0  
Crystal size/mm3  0.25 × 0.30 × 0.38  
Radiation  MoKα (λ = 0.71076)  
2Θ range for data collection/°  5.114 to 55.874  
Index ranges  -12 ≤ h ≤ 12, -18 ≤ k ≤ 18, -22 ≤ l ≤ 22  
Reflections collected  36214  
Independent reflections  5568 [Rint = 0.0394, Rsigma = 0.0342]  
Data/restraints/parameters  5568/0/282  
Goodness-of-fit on F2  1.075  
Final R indexes [I>=2σ (I)]  R1 = 0.0584, wR2 = 0.1543  
Final R indexes [all data]  R1 = 0.0871, wR2 = 0.1686  













Identification code  [Cu(OH)2(4-hmp)4] 
Empirical formula  C24H28CuN4O6  
Formula weight  531.55  
Temperature/K  296.53  
Crystal system  cubic  
Space group  Im-3  
a/Å  16.963(5)  
b/Å  16.963  
c/Å  16.963  
α/°  90  
β/°  90  
γ/°  90  
Volume/Å3  4881(4)  
Z  6  
ρcalcg/cm
3  1.049  
μ/mm-1  0.706  
F(000)  1525.0  
Crystal size/mm3  0.38 × 0.36 × 0.25  
Radiation  MoKα (λ = 0.71073)  
2Θ range for data collection/°  5.882 to 57.192  
Index ranges  -22 ≤ h ≤ 22, -22 ≤ k ≤ 22, -22 ≤ l ≤ 22  
Reflections collected  34365  
Independent reflections  1150 [Rint = 0.0522, Rsigma = 0.0252]  
Data/restraints/parameters  1150/0/86  
Goodness-of-fit on F2  1.486  
Final R indexes [I>=2σ (I)]  R1 = 0.1262, wR2 = 0.3034  
Final R indexes [all data]  R1 = 0.1637, wR2 = 0.3785  













Identification code  [Ni(H2O)2(NO3)2(dbp)2] 
Empirical formula  C10H10Br4N4NiO8  
Formula weight  692.57  
Temperature/K  298  
Crystal system  monoclinic  
Space group  P21/n  
a/Å  8.7169(3)  
b/Å  12.2053(6)  
c/Å  9.3799(3)  
α/°  90  
β/°  110.781(3)  
γ/°  90  
Volume/Å3  933.03(7)  
Z  2  
ρcalcg/cm
3  2.465  
μ/mm-1  12.002  
F(000)  660.0  
Crystal size/mm3  0.29 × 0.18 × 0.11  
Radiation  CuKα (λ = 1.54178)  
2Θ range for data collection/°  11.916 to 154.498  
Index ranges  -10 ≤ h ≤ 11, -15 ≤ k ≤ 15, -11 ≤ l ≤ 10  
Reflections collected  12159  
Independent reflections  1915 [Rint = 0.0317, Rsigma = 0.0197]  
Data/restraints/parameters  1915/0/133  
Goodness-of-fit on F2  1.216  
Final R indexes [I>=2σ (I)]  R1 = 0.0232, wR2 = 0.0588  
Final R indexes [all data]  R1 = 0.0262, wR2 = 0.0709  













Identification code  [Cu(NO3)2(dbp)2] 
Empirical formula  C10H6Br4CuN4O6  
Formula weight  661.16 
Temperature/K  235.0  
Crystal system  triclinic  
Space group  P-1  
a/Å  7.3993(10)  
b/Å  8.1025(11)  
c/Å  8.7325(12)  
α/°  103.244(4)  
β/°  106.570(5)  
γ/°  114.586(4)  
Volume/Å3  418.41(10)  
Z  2  
ρcalcg/cm
3  0.471  
μ/mm-1  1.256  
F(000)  57.0  
Crystal size/mm3  0.11 × 0.32 × 0.27  
Radiation  MoKα (λ = 0.71076)  
2Θ range for data collection/°  5.308 to 56.688  
Index ranges  -9 ≤ h ≤ 9, -10 ≤ k ≤ 10, -11 ≤ l ≤ 11  
Reflections collected  8426  
Independent reflections  2048 [Rint = 0.0388, Rsigma = 0.0348]  
Data/restraints/parameters  2048/0/115  
Goodness-of-fit on F2  1.178  
Final R indexes [I>=2σ (I)]  R1 = 0.0209, wR2 = 0.0529  
Final R indexes [all data]  R1 = 0.0231, wR2 = 0.0536  













Identification code  [Ni(NCS)2(ph-Im)4]-−phase  
Empirical formula  C44H32NiS2N8 
Formula weight  794.83 
Temperature/K  150.0  
Crystal system  monoclinic  
Space group  C2/c  
a/Å  27.170(9)  
b/Å  9.951(3)  
c/Å  15.894(4)  
α/°  90  
β/°  97.602(8)  
γ/°  90  
Volume/Å3  4260(2)  
Z  8  
ρcalcg/cm
3  0.079  
μ/mm-1  0.122  
F(000)  100.0  
Crystal size/mm3  0.38 × 0.26 × 0.22  
Radiation  MoKα (λ = 0.71076)  
2Θ range for data collection/°  4.97 to 56.004  
Index ranges  -35 ≤ h ≤ 34, -13 ≤ k ≤ 13, -20 ≤ l ≤ 20  
Reflections collected  41189  
Independent reflections  5129 [Rint = 0.0268, Rsigma = 0.0168]  
Data/restraints/parameters  5129/0/256  
Goodness-of-fit on F2  1.151  
Final R indexes [I>=2σ (I)]  R1 = 0.0471, wR2 = 0.1483  
Final R indexes [all data]  R1 = 0.0559, wR2 = 0.1590  
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